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The objective of this research was to manufacture and evaluate three-
dimensional (3D) ceramic parts with microstructures, characterize the ceramic 
injection molding process used for it along with fabrication and evaluation of various 
mold insert formats, electroplated patterns and X-ray masks used in the process. 
The patterns were electroplated in nickel on two formats of mold insert 
substrates. The first format was a modified 1” diameter stainless/tool steel plug 
suitable for test structures and for complete penetration by melt during injection. The 
molding was done by CoorsTek (Golden CO) as they possessed the required 
wherewithal and the mold base. The second format consisted of a pair of 3” square 
nickel plates designed to mount on the standard Battenfeld machines used at 
CoorsTek and at LSU.  
The patterns for electroplated structures were in three groups. The first group 
consisted of two patterns for producing ceramic molds with serpentine 
walls/channels and posts of various geometrical shapes in different sizes. These 
patterns were electroplated in five different heights of 100 µm, 250 µm, 500 µm, 750 
µm and 1000 µm to cover a range of aspect ratios from 0.5 to 20 to characterize the 
shrinkage and other geometrical variations along the ceramic injection molding 
process. The second group had concentric ring/disk patterns. These patterns in two 
different heights of 100 µm & 500 µm produced ceramic disks in two diameters and 
a ring. The disks were for interference fit and exact fit with the ring. These were 
assembled and cofired to test the resultant ceramic bond. The third group comprised 
of patterns for the two sides of a prototype ceramic micro fuel injector. The results 
 xiv
from the first two groups were used to mold, machine, drill, assemble and sinter the 
two sides to yield the required fuel injector. 
Kapton and graphite were used as membranes for the various X-ray masks 
used in this research to examine the effects of mask membrane on the sidewall 
roughness of electroplated nickel structures. 
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CHAPTER 1. INTRODUCTION 
1.1) Rationale for the Project 
Recent developments in micro-injection molding technology have stimulated a 
significant interest in the fabrication of micro-parts. There is a wide range of 
applications in which metals and alloys are proving to be either uneconomical or 
inefficient [1]. The objective of this project was to characterize the ceramic micro-
injection molding process and to evaluate the sensitivity to different steps in the 
LIGA (German acronym for Lithography, Electroplating and Molding) process in 
order to improve it. This included testing and subsequent evaluation of new 
fabrication methods to produce 3-D ceramic parts. 
1.1.1) Definition of Ceramics 
Ceramics are defined as solid compounds that are formed by the application 
of heat, and sometimes heat and pressure, comprising at least one metal and a 
nonmetallic elemental solid or a nonmetal, a combination of at least two nonmetallic 
elemental solids, or a combination of at least two nonmetallic elemental solids and a 
nonmetal [2]. 
1.1.2) Description 
The non-metallic elemental solids are covalently bonded solids at room 
temperature and are either insulators or semiconductors. A wide variety of materials, 
from simple compounds like MgO to more complex ones such as Ti3 Si C2 fit into the 
class of ceramics. Ceramics are, hard, wear resistant, brittle, refractory, electrically 
and thermally insulative, non magnetic, chemically stable, prone to thermal shock 
and oxidation-resistant [2]. 
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The microstructure of grains is described by a combination of grain shape, 
size and distribution. Many properties of ceramics are dependent on their 
microstructure. Traditional ceramics are characterized by mostly silicate-based 
microstructures that are quite coarse, non-uniform and multiphase. The advanced or 
technical ceramics are not silicate based. These have oxides, carbides, perovskites 
and even completely synthetic materials. The microstructures of these are at least 
an order of magnitude finer, more homogeneous and less porous than the traditional 
ceramics. The types of ceramics that were dealt with throughout the project were 
advanced or technical ceramics with sub micrometer to micrometer sized grains [2]. 
1.1.3) Manufacturing Process 
The LIGA process was used to make the mold inserts used [Fig 1.1]. An X-
ray lithography mask of the pattern required on the mold insert was made. The mask 
was used to create a three dimensional (3D) pattern in the photo resist applied on 
the mold insert. A metal or alloy was electroplated to fill the voids in the 3D pattern. 
The photo resist was removed after the electroplated structure was lapped and 
polished to obtain the mold insert for injection molding [3,4]. 
The X-ray masks used in the process were made by electroplating gold in a 
pattern created by a resist on a substrate made from either graphite or Kapton. 
Polymethylmethacrylate (PMMA) and SU-8 (MicroChem Corp., Newton, MA; 
www.microchem.com) were the two different resists used for X-ray exposure. The 
mold inserts were made from either tool steel or stainless steel instead of high 
carbon steel to avoid corrosion on exposure to humid conditions. Nickel was 













a) Pattern b) X-ray mask c) Mold insert with mask and resist d) Exposure set 
up e) Mold insert with electroplated pattern in X-ray resist f) Mold insert ready 
for molding 
Figure 1.1 Different stages in the production of a LIGA Mold insert. 
 
Powder Injection Molding (PIM) was used to create ceramic molds from the 
mold inserts. A combination of a ceramic powder with a small quantity of polymer 
was the feedstock used for injection molding. After molding, the polymer was 
extracted and the ceramic powder was sintered to form the desired part [5]. 
The advantages of PIM are low production cost, tight tolerances, shape 
complexity, applicability to several materials and high precision surface finish. The 
process is divided into four main stages. The first stage is the preparation of 
feedstock from a ceramic powder and binder mixed in a designated ratio to make a 
viscous paste. Excess binder causes loss of shape during debinding while a lack of 
the same leads to complications in the later stages. Molding is the second stage in 
the process. The feedstock is injected at a high pressure and temperature to fill all 
the voids in the mold insert pattern. The pressure and temperature used at various 
 4
stages in the molding process. This is followed by demolding to obtain a de-molded 
ceramic piece. The third stage is debinding. The binder is extracted from the piece 
by a process that is either chemical or thermal or by a combination of the two. 
Sintering is the last stage in the process. Sintering eliminates all the residual binder 
and bonds the ceramic particles together resulting in densification, shrinkage and in 
some cases chemical homogenization [2]. The injection molding part of the project 
was done at CoorsTek (Golden CO) as a part of a contract with Louisiana State 
University (LSU, Baton Rouge LA.). The ceramic powders used for injection molding 
were alumina (99.8%) and Yittria stabilized Zirconia polycrystals (YTZP). 
1.2) Project Description 
The thesis focused on characterization of the injection molding process and 
on the many of the parameters that influenced the product. The characterization 
required geometric correlation of different features in the various patterns to evaluate 
area and volume changes during the process. Two-sided molding and testing of 
cofired ceramic bond was essential for fabrication of 3-D ceramic devices. 
1.2.1) Area and Volume Variations During the Process 
Dimensional changes occur in the molded ceramic parts during debinding and 
sintering as the binder is removed [6]. The fusion of ceramic particles at high 
temperatures reached during sintering causes a further shrinkage of pieces. The 
characterization of the injection molding process included quantifying the changes in 
lateral dimensions and depths of various features at different stages in the process. 
Two different feedstock compositions were used to determine the effect of 
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composition on the degree of variation of area and volume at different stages in the 
process. 
1.2.2) Geometric Correlation 
Knowledge of geometric correlations between electroplated metal mold 
inserts and sintered ceramic parts were found essential for the design of patterns for 
micro-molding ceramic parts [7]. Patterns with different geometrical shapes were 
electroplated on the mold inserts in a range of aspect ratios. The dimensional 
variations in the green/debinded pieces and sintered ceramic parts were recorded. 
The geometric correlations of the different patterns in the electroplated metal and the 
ceramic parts were used to characterize the injection molding process. A pattern 
with different geometrical shapes [Fig. 1.2 a] was used to examine the degree of 
geometric correlation achieved with an increase in number of sides of a polygon and 
across a range of aspect ratios. A pattern with serpentine walls and channels [Fig 
1.2 b] was used to determine the continuity and feature depth in the pattern on the 
ceramic mold with that electroplated on the mold insert over a range of aspect ratios 
from 1 to 15. The mold insert patterns were electroplated in five different heights of 
100 µm, 250 µm, 500 µm, 750 µm and 1000 µm. 
1.2.3) Two-sided Molding 
Two-sided molding requires alignment of mold inserts before injection of the 
feedstock. The fabrication of ceramic parts with complex shapes involving dovetails 
needs some extra tools and additional stages in the molding process Mold inserts 






a) Pattern with different geometrical shapes b) Serpentine walls/ channels
Figure 1.2 Patterns for testing geometric correlation. 
 
The molding is in two stages. A mold made of binder in the first stage is filled 
up with the actual feedstock in the second stage. High performance polymers [56,57] 
that are thermally stable at high temperatures are needed as binder in the two-stage 
process. All the binder is removed during debinding and sintering after the two-stage 
molding process. The final products are sintered ceramic parts with the desired 
complex shapes. Large area mold inserts were designed for two-sided molding 
and/or to accommodate provisions for pushpins required for ejection of the molded 
piece after each molding cycle. 
1.2.4) Cofiring and Bond Strength Testing 
Ceramic-ceramic bonds formed by cofiring debinded ceramic parts [58,59] at 
very high temperatures [8] are used for various applications in packaging integrated 
circuit boards and the fabrication of micro devices [46, 47]. This lead to the idea of 
fabrication of 3D micro parts in ceramics by cofiring debinded/green pieces, which 
were micro machined and aligned. In an effort to determine the strength of the 
cofired bond, partially sintered ceramic pieces with disk and ring shaped 
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microstructures were paired and cofired to form a ceramic-ceramic bond on 
sintering. Testing of bond strength was planned with the parts produced by different 
combinations of feedstock material and tolerance fit. Disks and rings were 
electroplated on the mold inserts to produce molds with concentric cylinders [Fig. 
1.3]. The diameter of the disks on the mold inserts was 4000 µm and the rings were 
electroplated in two different diameters of 4000 µm and 4030 µm. This tested the 
tolerance limits of the cofired bond and to the feasibility of a press fit. This was 
possible as the disk on the debinded/green ceramic parts was either of the same 
diameter or marginally larger than the ring to facilitate an exact fit or a press fit. The 
debinded/green ceramic parts were machined to allow maximum contact area 
between the concentric cylinders. The parts were then cofired and the strength of 
the sintered bond was tested. 
1.2.5) Micro Devices in 3 D Ceramics 
 The developments in micromachining technology helped enhance the 
capability of machining of debinded/green ceramic parts to facilitate production of 3D 
ceramic parts [4,9]. The information from ceramic molding characterization [67], 
analysis of area and volume variations, geometric correlation and evaluation of 
cofired ceramic-ceramic bonds was used in the fabrication of ceramic micro fuel-
injector swirlers. 
The fuel injector swirler consisted of an air swirler [Fig. 1.4 a] and a fuel 
swirler [Fig. 1.4 b]. The patterns on the mold inserts were electroplated to produce 
the two patterns on different pieces. The debinded/green ceramic pieces were micro 
machined, aligned and cofired to produce the fuel injector swirler. The pattern design 
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All Dimensions in micrometers
 
a 






a) Disk patterns in two diameters b) Ring pattern  




a) Air swirler pattern b) Fuel swirler pattern 
Figure 1.4 Two sides of a micro fuel injector swirler 
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1.2.6) Electroplating Multi-layers for Mold Inserts 
The ceramic injection molding process subjects the mold inserts and the 
electroplated metal patterns to a wide range of temperatures leading to various 
thermal effects resulting in degradation of mechanical properties [54] and 
dimensional variation in the electroplated pattern. One option to minimize these 
effects was the use of a metal or alloy with a low coefficient of thermal expansion 
(CTE) for the mold insert as well as the electroplated patterns on it. Invar was one 
option among alloys of nickel, but the CTE of Invar varied in different temperature 
ranges. One of the causes for this was believed to be grain growth on account of 
annealing in the electroplated metal at higher temperatures. This problem was 
addressed by electroplating invar in multiple layers [55], separated by layers of 
copper a few nanometers thick [10]. 
1.3) Thesis Outline in Brief 
The motivation and background information used for the different projects in this 
thesis are detailed in the three sections of Chapter 2. The description of the LIGA 
process and its application in this thesis are described in section 1. The details of 
types of ceramics and their applications in are detailed in section 2. The 
contributions to the ceramic micro-injection molding process by various institutions 
and individuals and their influence on this thesis are detailed in the last section of 
that chapter. 
The motivation behind the design of patterns and the fabrication processes used 
in this thesis is described in the three sections of Chapter 3. The ideas behind the 
design of patterns for microstructures are detailed in the first section. The mold 
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insert fabrication process is described in detail in the second section. The injection 
molding process used at CoorsTek for production of ceramic molds utilizing the 
mold inserts made at LSU is laid out in the last section of that chapter. 
The complications encountered in certain stages of the mold-insert fabrication 
process and the different strategies evolved to overcome some of them are 
described in the three sections of Chapter 4. The variations generated in the 
sidewalls of the electroplated microstructures due to differences in the X-ray mask 
membrane material are discussed in the first section. The strategies employed with 
different X-ray resists used in this thesis are detailed in the second section. The 
limitations in the surface treatment, electroplating, lapping and polishing processes 
and their effects on the mold inserts are detailed in the last section of that chapter. 
The different aspects related to cofired ceramic bonding are detailed in the three 
sections of Chapter 5. The design and purpose of the mold inserts used for 
characterization of the process are described in the first section. The specific 
properties of ceramics and feedstocks influencing the cofiring process are described 
in the second section. A method evolved for evaluation of the cofired bond is 
detailed in the final section of that chapter. 
The two stage molding process with a lost mold involving large area format mold 
inserts is described in the two sections of chapter 6. The design aspects along with 
the advantages and disadvantages are discussed in the first section. The process 
parameters and precautions are detailed in the second section of that chapter. 
The results and conclusions of this thesis and recommendations for future work 
in micromolding of 3D ceramic parts comprise the last chapter. 
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CHAPTER 2. BACKGROUND 
The focus of the project was characterization of the injection molding process 
and the fabrication of 3-D ceramic parts The mold inserts were fabricated with the 
LIGA process. 
2.1) LIGA Process – Description and Application 
LIGA is the German acronym for X-ray lithography (X-ray Lithographie, 
Electrodeposition (Galvanoformung), and Molding (Abformtechnik) [3]. An X-ray 
sensitive resist bonded to an electrically conductive substrate is exposed to X-rays 
through an X-ray mask partly covered with a strong absorber material defining the 
desired pattern. Chemical removal of exposed/unexposed part results a three 
dimensional (3D) structure in the resist which is filled by electrodepositing a metal. 
The resist is stripped away to produce a mold insert. The mold insert is used to 
produce micro-parts in polymers or ceramics by injection molding. 
The first step in the process is the fabrication of an X-ray mask with the 
desired pattern. The material used for mask membrane has a low atomic weight to 
be highly transmissive to X-rays and is resistant enough to radiation to withstand 
many exposures [3]. The three main components of a mask are membrane, 
absorber and the supporting frame. The absorber is required to possess a high 
atomic number for effective attenuation of X-rays, stability under radiation, low defect 
density and be compatible with the UV lithography patterning process. The frame is 
required to lend robustness to the membrane and absorber and to fit in its place in 
the scanner assembly used for X- ray exposure. The thickness of the membrane 
depends on the material used, thickness of absorber layer, the minimum feature size 
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and acceptable tolerances in the pattern [11,12,13]. The thickness of the absorber 
layer is dictated by the level of contrast determined by the height of the required 
structure in the X-ray resist and the X-ray spectrum used for exposure. 
The mold insert used as substrate for the X-ray resist need to be good 
conductor, resistant to deformation, wear and corrosion over a wide temperature 
range and under different conditions. The shape of the mold insert is dictated by its 
utility and geometry of the other components that make the mold assembly. The 
resist is glued or cast on the substrate [14]. 
An ideal resist requires high sensitivity, high resolution, resistance to etch, 
thermal stability and a low absorption of radiation at the required wavelength. The 
resists are classified into two categories; positive and negative as per the internal 
photochemical reactions induced on exposure to radiation. The induced 
photochemical reactions break the continuity of the polymer chains in the radiated 
regions of the positive resist affecting strength and boosting solubility while the 
opposite effects are observed in the case of negative resists [3] due to reactions 
causing cross linking of resist molecules. The pattern is produced in the resist by 
exposure to radiation through a mask followed by chemical removal of irradiated 
polymer [15,16,17]. 
The pattern thus produced in the resist is too fragile to be used for the 
molding process. Electroplating a metal fills up the voids generated in the resist 
[18,19,20]. The adhesion between the electroplated metal and the substrate is 
improved by etching of the substrate surface followed by the deposition of a seed 
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a) Pattern b) X-ray Mask c) X-ray exposure assembly d) Mold insert with resist 
and electroplated metal e) Mold insert ready for molding f) sintered ceramic mold 
Figure 2.1 Stages in the LIGA process 
 
The electroplated structures are lapped to the required height and polished before 
the resist is stripped. 
The resist is stripped from the substrate by a process is either chemical or thermal or 
a combination of these along with radiation [23,24] to result in the final mold insert 
ready for injection molding to produce plastic or ceramic molds [Fig. 2.1] 
2.2) Ceramics 
2.2.1) Types of Ceramics 
The oxides, nitrides, borides, carbides and silicides of all metals and Non 
Metallic Elemental Solids (NMES) are ceramics. Due to the abundance of silicon and 
oxygen in nature, silicates are ubiquitous. These solids are crystalline, amorphous, 
glassy, or non-crystalline depending on the periodicity or lack of long-range order in 
the arrangement of atoms. The shape and size of the grains, together with the 
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presence of porosity secondary phases along with their distribution is described as 
the microstructure that determines many properties of ceramics.  
The traditional ceramics are mostly silicate based and have porous 
microstructures. The ceramics that are not silicate-based are composed of more 
sophisticated raw materials, such as binary oxides, perovskites and even completely 
synthetic materials for which no natural counterparts exist are termed as advanced 
or technical ceramics. These ceramics are used for a vast range of applications 
based on their thermal, dielectric, magnetic, superconductive, optical, chemical and 
mechanical properties [2]. 
Powder made from advanced or technical ceramics are used in the 
preparation of feedstock used for injection molding. An ideal ceramic powder is a 
balance between several factors ranging from rheological attributes, dimensional 
control in debinding, sintering response, binder wetting, debinding rate and molding. 
The different compositions of ceramics used in Powder Injection Molding (PIM) 
include alumina, zirconia, many forms of iron and steel, aluminide intermetallics and 
a wide variety of borides, nitrides and carbides [5]. The physical and chemical 
properties of the ceramic powder [60] have a major influence on PIM [25,26]. The 
ceramic powders used in this project at CoorsTek (www.coorstek.com) are Alumina 
(Al2O3 99.8%) and YTZP. 
2.2.2) Injection Molding Process 
Plastic injection molding, die and investment casting, machining, cold isostatic 
compaction and slip casting are some of the shaping technologies that PIM 
competes with [5] the other processes which have many limitations ranging from 
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material properties to cost that prevent their use in production of micro ceramic 
parts. The PIM process begins with the mixing of powders and binders to form a 
feedstock. The binder usually based on a thermoplastic contains two or three 
components. The particles in the powder are small (0.1 to 20 µm) and are usually 
spherical to aid sintering. The ratio of the components is an important factor as it 
controls the viscosity of the feedstock and thereby the success of molding. Pellets of 
feedstock are fed to the injection-molding machine. High temperatures and 
pressures produced in the injection-molding machine during the molding process 
force the molten feedstock to fill the die. The molded part is ejected from the die 
after cooling. The many ways to remove the binder include chemical, thermal or a 
combination of both methods. The parts are then sintered at high temperatures 
(1200 to 2000°C) leading to densification and chemical homogenization [5,27]. 
Separate pieces assembled together are also joined [58] by sintering. 
2.3) Prior Work in Micro Molding Ceramics 
The motivation to produce micro parts in ceramics with injection molding was 
from an idea to follow up on and take guidance from the considerable work done in 
this field in different institutions around the world. These included Institut fuer 
Materialforschung III, Forshungszentrum Karlsruhe (FZK) (Germany), Institute of 
Microtechnology, Mainz GmbH (IMM) (Germany), Center for Advanced 
Microstructures and Devices (CAMD), Louisiana State University (LSU) (Baton 
Rouge, LA, USA), CoorsTek Inc. (Golden, CO, USA), Sandia National Laboratories 
(USA), National Taiwan Normal University (Taiwan), Industrial  Technology 
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Research Institute (Taiwan), University of Pennsylvania (Philadelphia, PA, USA) and  
Motorola Labs ( USA). 
The work done at IMM [28] proved the viability of LIGA as a manufacturing 
technique useful for mass production of high precision molds with three-dimensional 
microstructures in metals as well as in ceramics. The innovations in micro-molding 
technology [4] made possible the use of commercially available ceramic powders for 
PIM [48] to produce the micro-parts in this thesis. The advances in technology paved 
the way for ceramic micromachining to produce isolated three-dimensional ceramic 
microparts [9,29]. The advances made in the development of replication techniques 
at FZK [51] for molding high aspect ratio microstructures in ceramics proved a 
valuable guide in the design and production of high aspect ratio microstructures in 
ceramics [30,31]. The results about dimensional variations in LIGA microstructures 
[32] and the modification of different steps in the LIGA process [33] to minimize 
those helped in the evolution of a better fabrication process for this project. The 
other developments in the field of micromolding that have influenced the project 
include powder filling in Deep X-ray Lithography (DXRL) molds and the use of 
nanoparticles in ceramic micromolding [34,1,35]. The basis for a significant portion 
of this thesis was the work done by Yohannes M. Desta (CAMD, LSU) [36] towards 
production of molded ceramic parts with microstructures using LIGA. The new 
technologies that came into vogue later were used to rectify the problems faced in 
obtaining good adhesion of electroplated microstructures to the mold insert. Prior 
work done at LSU in injection molding of polymers and plastics [37,38] inspired the 
development of lost mold process to achieve complex three dimensional structures 
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in ceramics with two sided molding in a two-stage process. The results from micro 
powder injection molding of ceramics [39] and use of YTZP powder [40,65] helped in 
the development of a method for process characterization. The recent advances in 
ceramic joining technology [8] and the properties of ceramic green tape [41,42] 
helped in the development of a part of the project related to the evaluation of cofired 
ceramic bonds as a viable means for fabrication of 3D ceramic parts [43]. The work 
done towards determination of variations produced in the molded ceramic piece on 
sintering [6,44,45] also helped in the development of patterns electroplated on mold 
inserts used for characterization of the injection molding process. Some of these 
patterns were developed for end uses such as lab-on-a-chip [46,47] and micro-fluidic 
devices in ceramic [63]. 
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CHAPTER 3. MOLD INSERT DESIGN AND FABRICATION 
3.1) Mold Insert Design 
The various factors that influence the design and material of the mold insert 
include area requirements, hardness, rigidity, wear and corrosion resistance and 
the geometry of the die. High carbon steel used initially was replaced by tool steel 
and stainless steel as materials for mold insert for better resistance against 
environment corrosion. 
3.1.1) Different Formats of Mold Inserts 
The mold insert formats used in this project were divided into two categories 
based on area. The increase in real estate was accompanied by some restrictions 
in design to accommodate holes for ejection pins required for demolding the larger 
area parts. 
3.1.1.1) Modified 1” Diameter Steel Plugs 
The modified 1” diameter plug [Fig. 3.1] was designed by LSU and CoorsTek 
to suit a Multiple Unit Die (MUD) used with the injection molding machine there. 
Plan (top view)





All Dimensions in Inches
1.2500
0.2500
b  c 
Figure. 3.1 a, b & c) Modified 1” diameter plug in three views 
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The plug was suitable for the small test patterns used in this thesis. The X-ray 
resist was glued/cast/spun on the plug. This format also facilitated ease of handling 
and demolding due to elimination of complex assemblies with multiple pieces and 
fasteners. The geometry of a cylinder with a height of 1.25” helped increase rigidity 
and resistance to deformation. 
3.1.1.2) Large Area Formats 
The large area format for the mold insert provided more area for electroplating 
patterns and was useful in the characterization of the injection molding process in 
different settings [5]. The 3”X3” format [Fig.3.2] facilitated the use of ejector pins for 
better and faster demolding of larger molded pieces. The holes required in the 
mold insert for the ejector pins lead to restrictions in fabrication such as design of 
pattern, application of photo resist and electroplating. Cooling ducts were included 
in the mold insert format designed for two-sided molding [Fig. 3.3]. 
Elevation(Front View)
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a) Mold insert with sprue hole and dovetail. b) Mold insert with cooling ducts 
Figure 3.3 Mold insert plates for two-sided molding. 
 
3.1.2) Aspect Ratios of Electroplated Structures 
The designs for the structures/patterns electroplated on the mold inserts were 
decided upon by LSU and CoorsTek and the terms of the contract [Appendix 4] 
were drafted accordingly. Tasks 1 and 5, feasible with the modified 1” diameter 
mold inserts were given preference over the other tasks. The aspect ratio of the 
electroplated structures ranged from 0.5 to 20. The electroplated 
structures/patterns were divided into three main categories based on geometry and 
purpose [70]. 
3.1.2.1) Five Different Heights 
Characterization of the process in terms of geometric variations was done with 
two different patterns [Fig. 3.4] for electroplated structures/patterns in five different 
heights of 100 µm, 250 µm, 500 µm, 750 µm and 1000 µm. The range of aspect 
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ratio in the walls and channels (WC) pattern [Fig 3.4] was 1 to10 and that for the 
Small Posts (SP) pattern [Fig 3.4] was 0.5 to 20. 
 






































a) Pattern for small posts b) Walls and channels pattern 
Figure 3.4. Patterns electroplated in five different heights 
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3.1.2.2) Two Heights for Concentric Disks 
Concentric disk and ring patterns [Appendix 4] were designed to characterize 
the ceramic cofiring process. The three different structures/patterns, a disk of 4000 
µm diameter, a ring of 4000 µm diameter and a ring of 4030 µm inner diameter 
[Fig. 3.5] were electroplated on the mold inserts to produce a ceramic ring and 
ceramic disks in two sizes for a normal fit and an interference or press fit with the 
ring. The ring/disk assembly was cofired to produce a ceramic bond for materials 
testing. The structures were electroplated in two heights 100 µm and 500 µm to 
characterize the effect of structure height/depth on the assembly and the strength 
of the resultant bond. 
3.1.2.3) Nickel Structures for Fuel Injectors 
The nickel structures/patterns of the two sides of a micro fuel injector, an air 
swirler and a fuel swirler [Fig. 3.6] were electroplated to a height of 100 µm on 
different mold inserts to obtain sintered ceramic pieces with the required pattern 
height/depth of 75 µm [7] after shrinkage. The green ceramic pieces were 
micromachined, assembled and cofired to form a prototype ceramic micro-fuel 
injector. The experience gained from this task was to be used for two-sided 
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a) Air swirler pattern b) Fuel swirler pattern 
Figure 3.6. Two sides of the micro fuel injector 
 
3.1.2.4) Purposes of Mold Insert Patterns 
Fabrication of 3D micro parts in ceramics through characterization of different 
steps in the processes such as microinjection molding, ceramic cofiring, 
micromachining of green ceramic parts was the central motivation behind the 
design of various mold insert patterns. 
3.1.2.4.1) Geometry Testing 
WC and SP patterns [Fig. 3.4] in five different heights were used for evaluation 
of the geometric changes in structures through the various stages of the ceramic 
injection molding process. The WC pattern was designed to test continuity, 
height/depth, uniformity and the quality of the sidewalls and edges across the 
pattern. The SP pattern [Fig. 3.4] comprised of polygons with four, five, six and 
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infinite sides in four different sizes and spacing. It was to test the effect of number 
of sides of a polygon on the lateral dimensions through the different stages of the 
process and the compatibility of different feedstocks over a range of aspect ratios 
from 0.5 to 20. The changes produced during sintering were characterized with a 
combination of geometrical features and feedstock compositions. 
3.1.2.4.2) Cofiring and Testing of Resultant Bond Strength 
Different combinations of concentric disks [Fig. 3.5] produced with variations in 
height, diameter and feedstock material were developed to characterize ceramic 
cofiring process utilizing the resultant cofired ceramic bond. The variation in height 
produced difference in area of contact [Fig. 3.7] for evaluation of bond strength in 
different modes of failure such as shear and fracture. Areas of contact for the two 
cases of contact were considered. The first case was total contact of all surfaces 
[equation 3.1] and the second case was partial contact with area of contact varying 
with depth of penetration of the paired disk and ring [equation 3.2].  
 
Figure 3.7 Contact area calculations for evaluation of a cofired bond 
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Two sets of cases were also considered. Set 1 was for 100 µm tall ring and disk 
structures while set 2 was for 500 µm tall structures. 
Area of contact = π (r2 + ro2 – ri2 + 2*r*h)) 3.1 
Area in contact = 2*π*r*d    3.2 
Radius of the disk is r; ri is the inner radius of ring; ro is the outer radius or ring, h is 
the height of disk/ring pattern on mold insert and d is the variable depth of contact 
of vertical surfaces (0 to 100 % of h). 
3.1.2.4.3) Micromachining of 3D Devices and Bonding 
The fabrication of 3D ceramic devices utilized the results from characterization 
of the ceramic injection molding process, evaluation of the cofiring process, 
micromachining and drilling debinded/green ceramic parts. The feasibility of large-
scale production of fuel injectors and the modifications necessary to task 4 
[Appendix 4] were predicted as per the results from this section of the thesis. 
3.2) Mold Insert Fabrication 
A procedure for mold insert fabrication was developed with inputs from well-
established microfabrication procedures at LSU and CAMD [70]. 
3.2.1) X-ray Mask Fabrication 
Production of viable and economical X-ray masks was a significant step in the 
fabrication of mold inserts in this thesis. Various types of masks [52] and 
fabrication techniques were examined for suitability. Different combinations of 
materials and fabrication procedures were used and their effects on the 
structures/patterns in different stages were evaluated. Some established 
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procedures [11,12] were used as guiding principles in the X-ray mask fabrication 
process. 
3.2.1.1) Different Substrates 
The two different materials used as X-ray mask membranes were Kapton HN 
sheets, 150 mm X 150 mm X 0.013 mm (Goodfellow Corporation, Berwyn, PA; 
www.goodfellow.com) and graphite disks, 0.2mm thick, 4” diameter, DFP-3 grade 
(Poco Graphite Inc., Decatur, TX; www.poco.com). 
3.2.1.1.1) Kapton Mask Membrane 
The fabrication of the membrane for the Kapton mask required a Kapton 
HN sheet, a 10” X 10” piece of commercially available Mylar sheet, an aluminum 
jig [Fig. 3.8], Loctite Super glue (Manco Inc., Avon, Ohio; 
www.loctiteproducts.com), Devcon 5-Minute epoxy (HappControls, Elk Grove, 
IL; www.happcontrols.com), VWR 1602 convection oven (VWR International, 
West Chester, PA; www.vwrsp.com), a ceramic ring (96% alumina 4” OD, 3.5” ID, 
Laser Processing Technology, Portland, Oregon; www.amitron.com/lpt). The 
Kapton HN sheet was spread on the cleaned Mylar sheet secured on a clean flat 
surface. The aluminum jig with super glue spread on the outer rim was carefully 
placed on the Kapton sheet and weights (50 lb) were placed on top of the jig. The 
super glue was allowed to dry for 30 minutes. The jig was removed from under the 
weights and the screws on it were tightened to stretch the Kapton sheet glued to 
the jig. The jig was placed in the convection oven maintained at 88° C for 45 








a) Aluminum jig b) Kapton stretched on jig c) mask membrane on ceramic frame
Figure 3.8. Stages in Kapton mask preparation. 
 
The jig was cooled to room temperature and the screws on the jig were further 
tightened to stretch the sheet. The curing and stretching procedure was repeated 
to stretch the sheet until it was taut. The aluminum jig with the taut Kapton sheet 
was placed on the ceramic ring coated with epoxy and was loaded with weights. 
The epoxy was allowed to dry for 30 minutes. The epoxy was baked in the oven at 
88° C for 15 minutes. The Kapton membrane around the ceramic ring was cut to 
obtain the substrate for the Kapton X-ray mask. 
The substrate surface was rendered electrically conductive by the 
evaporation of 50 Å of Cr at a rate of 1 Å /s followed by 300 Å of Au at 3 Å/s in the 
Temescal BJD-1800 E-Beam Deposition System (System Control Technology, 
Livermore, CA; www.sctsystems.com) at CAMD. 
3.2.1.1.2) Graphite Mask Membrane 
The graphite mask membrane fabrication [13] utilized a graphite disk, a 
glass plate (4” diameter, 0.25” thick), a glass ring (4” OD, 3.5” ID, 0.25” thick), SJR 
5740™ photo resist (Shipley Company, L.L.C., Marlborough, MA; 
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www.shipley.com) and a fly cutting bit (N 200LJ Contour Fine Tooling Inc., 
Marlborough, New Hampshire; www.contour-diamonds.com). The glass plate was 
cleaned and dried at 50° C in the M326 Mechanical Convection Oven at CAMD. 
SJR 5740™ photo resist was poured on the warm glass plate and spun at 3000 
rpm for 40 sec on the PWM103 heavy-duty spinner (Headway Research, Inc., 
Garland, TX; www.headwayresearch.com). The graphite disk was gently placed on 
the wet resist and a good uniform bond was obtained by application of pressure 
with a suitable roller followed by baking at 80° C for 30 minutes in the oven. The 
graphite on the glass plate was fly-cut to a thickness of 150 µm with the Optimum 
120 (Precitech Inc., Keene, NH; www.precitech.com) fly-cutting machine at 
CAMD. Acetone, lsopropyl Alcohol (IPA) and DI water were used to debond and 
clean the graphite disk and the glass plate. The glass ring, bonded to the graphite 
disk [Fig. 3.9] with Devcon 5-Minute epoxy formed the frame for the graphite X-
ray mask. 
 
Figure 3.9 Graphite mask membrane on a glass ring 
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3.2.1.2) Photo Masks 
The optical or photo masks with the designed patterns, required for the UV 
LIGA process to transfer patterns to the X-ray mask membrane, were obtained 
from various sources such as CAMD, LSI Photomask™ (Chandler, AZ; presently 
defunct) and Advance Reproductions Corporation (North Andover, MA; 
www.advancerepro.com).The GCA Mann 3600 pattern generator at CAMD was 
also used to produce 5” X 5” optical masks. ASM 3500W (DXF2GDS for windows, 
Artwork Conversion Software, Inc., Santa Cruz, CA; www.artwork.com) was used 
to convert AutoCAD files with pattern/design to binary form for the pattern 
generator at CAMD. Photo masks with dark fields as well as clear fields were used 
as necessitated with the different photo resists used in this thesis. 
3.2.1.3) Photo Resists 
Various photo resists were used in the production of the X-ray masks used in 
this thesis. Positive resist SJR 5740™ and negative, SU-8 resists (MicroChem 
Corp.) were used in the UV LIGA process [Table 3.1] for pattern transfer from the 
optical mask. 
The substrates were dried in a stream of nitrogen and the patterns in the photo 
resists were inspected under an optical microscope (Nikon OPTIPHOT-88) at 
CAMD. The Oriel (Oriel UK, Surrey, UK; www.lotoriel.co.uk) UV Exposure Station 
at CAMD was used for UV lithography with the photo mask.  
3.2.1.4) Au Electroplating 
Gold was electroplated into the UV-LIGA patterns in the photo resist as it 
satisfied most of the requirements for a good absorber in a X-ray mask [3]. An 
 30
empirical Au electroplating procedure [70] was followed. The substrate was 
assembled into a set up with different components [Table 3.2] to electroplate Au. 
The electroplating tank and a jig made from Polymethylmethacrylate (PMMA) 
[Fig. 3.10] were used for electroplating the gold. Sodium sulfite was used to impart 
stability to the Au sulfite bath. 
 
Table 3.1 UV Lithography process details used for X-ray mask fabrication 
Material/parameter Kapton mask Graphite mask 




Spin speed (rpm) 2000 1000 
Spin time (sec) 40 20 
Bake temperature (° C) 90 60-96 (ramp)-pre-
exposure bake 
Bake time (min) 30 90 (followed by slow 
cooling for relaxation) 
UV exposure dose 
(mJ/cm2) 
190 330 
Bake temperature (° C)  70-96 (ramp)-post 
exposure bake 
Bake time (min)  45 (followed by slow 
cooling for relaxation) 







8-15 9-12 minutes 
Rinse  DI water IPA (3 minutes) followed 
by DI water. 
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Table 3.2 Components used in Au electroplating process 










Fisher Scientific Worldwide, 




5” X 4” Technic Inc. 
Cables and 
connectors Alligator/banana Clips. 
Ralph’s Industrial Electronic 




4” diameter green 
insulating tape 
HARMAN Corporation, Rochester, 
MI; www.harmancorp.com  
Submersible 
stirrer Magnetic 4” X 4” 
LTE Scientific Ltd, Greenfield, 
Oldham, England; www.lte-
scientific.co.uk 
Water bath Lindberg/Blue Nurnberg Scientific, Portland OR; www.nurnberg.com  
Power supply Potentiostat/Galvanostat Model 273 A 
EG&G Instruments, Princeton, NJ; 
www.princetonappliedresearch.com 
Peristaltic 
Pump 220 rpm 
Watson-Marlow Inc. Pump Pro 
Division, Wilmington, MA; 
www.watson-marlow.com 
Tank Capacity - 4 liters Daigger & Company, Vernon Hills, IL; www.daigger.com 
Sodium 
sulfite 
7.5 grams/liter of Au 
plating bath. 
EMD Chemicals Inc., Gibbstown, 
NJ; www.emdchemicals.com 
Tube I.D. 1/8” Nalge Nunc International, Rochester, NY; www.nalgene.com 
Filter capsule FP series 
Schleicher & Schuell Micro Science, 
Inc., Riviera Beach, FL; 
www.schleicher-schuell.com 
Filter circles 0.7 µm pore, 2.5 cm diameter 
Whatman plc., Kent, UK; 
www.whatman.com 
 
The concentration of Au in the electroplating bath was always maintained at a 
value greater than 0.8 tr.oz/gallon. TECHNI-GOLD 25 Makeup E (Technic Inc.) 
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was used to compensate for the reduction of gold due to electroplating. As per 
calculations [70], 4000 mA-hr of electroplating consumed one tr.oz. of Au. 500 ml 
of TECHNI-GOLD 25 Makeup E contained one tr.oz of Au. One ml TECHNI-
GOLD 25 Makeup E of was added for every 8 mA-hr of electroplating to maintain 
the Au concentration in the bath. 
 
 
Figure 3.10 Jig and tank for electroplating Au 
 
Table 3.3 Au electroplating parameters 
Parameter (unit) Quantity 
Temperature (° C) 47 
pH of electroplating bath 7 
Galvanostatic current density (mA/cm2) 2(with pulse); 1(without pulse/D.C.)
Duty cycle ON/OFF (ms) 100/100 
Stirring speed (rpm) 20 (two way) 
Electroplating rate (µm/hr) 4.1 (pulse); 2 (D.C.) 
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3.2.2) Pre-treatment of Steel Substrates 
Surface treatment [21] followed by deposition of a seed layer was found to be 
necessary for good adhesion of electroplated Ni structures to the mold insert. A 
PMMA jig [Fig. 3.11] was fabricated to provide surface treatment to a specific area 
on the mold insert to be used for electroplating microstructures [70]. 
 




















a) Top view b) Front view c) Picture of jigs  
Figure 3.11 Jigs for surface treatment and electroplating steel plugs 
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 The mold insert surface was degreased and thoroughly cleaned. Eight-liter 
Nalgene rectangular tanks with covers (Nalge Nunc International., Rochester, NY; 
www.nalgenelabware.com) were used as containers for all electrolytes used 
further in this thesis. The pre-treatment of the mold insert surface was performed 
once before the application of photo resist and was repeated before electroplating 
nickel. 
3.2.2.1) C-12 Activation Process 
C-12 activator (Puma Chemical, Warne, NC; www.pumachemical.com) was 
diluted in DI water in the ratio of 1/40 and sulfuric acid (Fisher Scientific 
Worldwide.) was added to adjust the pH of the electrolyte to 1.5. A platinum clad 
titanium mesh (Technic Inc.) was used as the counter electrode and the mold 
insert plug assembled in the jig [Fig. 3.11], was the working electrode used in the 
galvanostatic electrolysis process. A current density of –20 mA/cm2 for a time 
period of 2 minutes followed by current density of 20 mA/cm2 for a period of 2 
minutes were applied with continuous and vigorous stirring of the electrolyte, to 
remove all oxides and other impurities from the selected area of the mold insert 
surface. The sample was then transferred to the Wood’s strike bath. 
3.2.2.2) Wood’s Strike Process 
The purpose of the Wood’s Strike process was to improve adhesion of 
electroplated nickel structures to steel by the deposition of a seed layer of nickel on 
an etched surface. The composition of the electrolyte is as specified in Table 3.4. 
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Table 3.4. Wood’s Strike bath electrolyte composition 
Component (company) Quantity / liter 
Nickel chloride hexahydrate; NiCl2•6H2O (EMD 
Chemicals Inc.) 
240 grams 
Hydrochloric Acid; HCl (Sigma-Aldrich Cheme) 80 grams 
De-ionized Water Remaining volume 
 
Additional HCl was added to adjust the electrolyte pH to 2. A sheet (8” X 4”) of 
pure nickel (Cole Parmer Instrument company, Vernon Hills, IL; 
www.coleparmer.com) was used as the counter electrode and the mold insert 
plugs assembled in the jig [Fig. 3.11], was the working electrode for the 
galvanostatic electrolysis process. A current density of – 50 mA/cm2 for a time 
period of 2 minutes for etching the steel surface, followed by electrolysis with a 
current density of 50 mA/cm2 for a period of 6 minutes for deposition of a 2-3 µm 
thick seed layer of nickel were applied. Continuous and vigorous stirring of the 
electrolyte was employed to counter the hydrogen gas liberation at the working 
electrode. The treated area of the mold insert was not allowed to dry during its 
transfer to the next process. 
3.2.3) Resists 
Positive (PMMA) and negative (SU-8) resists were used on mold inserts in the 
X-ray LIGA process. The treated area of the mold insert surface was not allowed to 
dry before the application of resists avoiding oxidation due to exposure to ambient 
air. Bonding, casting and spinning were the different processes employed [70] for 
application of the resists. 
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3.2.3.1) PMMA Bonding 
Only Vistacryl ICQ grade PMMA (Vista Optics Ltd., Stockport, United 
Kingdom; www.vista-optics.com) sheets satisfied the requirement [Appendix 1] of 
uniform molecular distribution [15,3] for the resist to be used in the X-ray LIGA 
process. The minimum thickness of the commercially available sheets was 2.5 
mm. Suitable pieces cut from the sheet were bonded to the mold insert surface 
with PMMA bonding solution. The constituents [Table 3.5] of the PMMA bonding 
solution were mixed in a 250 ml bottle for a period of 24 hours. A magnetic spinbar 
(Fisher Scientific Worldwide), Corning hotplate/stirrer (Fisher Scientific 
Worldwide), dessicator (Nalge Nunc International) and a vacuum pump 
(Vacuubrand Inc.107 Commerce Road, Cedar Grove, NJ; www.vacuubrand.net) 
were employed for continuous stirring (120 rpm) at low pressure (60 mm Hg) to 
obtain a homogeneous viscous liquid without bubbles. The bottle was well sealed 
and refrigerated to avoid evaporation of volatile components from the bonding 
solution. N, N-Dimethyl Aniline (Sigma-Aldrich Cheme) was added to a required 
amount of bonding solution in a vial in the ratio of 1/100 by weight. 
 
Table 3.5 Composition of PMMA bonding solution 
Component (company) Weight 
(%)  
Methyl Methacrylate; MMA (Sigma Aldrich Cheme) 82.92 
Poly (methyl methacrylate); PMMA (Sigma Aldrich Cheme) 14.63 
Benzoyl Peroxide; BPO (Sigma Aldrich Cheme) 1.46 
3-Methacryloxypropyltrimethoxysilane; MEMO (Alfa Aesar, Ward 




 The constituents in the vial were mixed thoroughly at a low pressure (60mm of 
Hg) with vigorous stirring (300 rpm) for about 30 seconds. The mixture was used 
within three minutes of its preparation to avoid its solidification. A clean, suitable 
piece of PMMA was placed on it and pressed to eliminate all trapped air. The 
assembly was placed in a press [Fig. 3.12]. 
The surfaces were bonded under a uniform pressure of 20 psi for 12 hours. 
The holes in the 3” X 3” format mold inserts were filled with wax before bonding to 
avoid the solidified bonding solution from clogging the holes. The wax was later 
removed with the drill bit used to drill holes in the bonded PMMA corresponding to 
the holes in the mold insert. 
Figure 3.12 Press used for PMMA bonding 
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3.2.3.2) SU-8 Casting on Steel Plugs 
Casting was necessary due to the non-availability of pre-cast sheets of 
negative photo resist SU-8 (MicroChem Corp.). An aluminum jig [Fig. 3.13] was 
used to contain the liquid poured on a modified 1” diameter steel plug. Fasteners 
were used to clamp the two halves of the casting jig around the plug wrapped in a 
piece of Mylar sheet. Moldwiz (RubberWorks Inc., Otterville, Canada; 
www.rubberworksinc.com) was sprayed on both halves of the jig and the fasteners 
to prevent their adhesion in case of a minor leak during the casting process. 
 
Plan (top view)




















a) Top view b) Front view c) Jig with resist cast on plug 
Figure 3.13 Aluminum casting jig for steel plug 
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The cavity formed by the jig and the mold insert surface was filled to a depth of 
3.5 mm with SU-8 2100 (MicroChem Corp.). The assembly was placed on a 
remote controlled Cimarec hot plate/stirrer (VWR International.) for 120 hours, in 
a covered well inside a fume hood in the cleanroom at CAMD to reduce exposure 
to UV light. The temperature of the hotplate was set to 150°C to achieve a 
temperature of 96°C at the surface of the resist. The jig was disassembled to 
obtain a 1.8 mm thick cast of SU-8 2100 (MicroChem Corp.). 
3.2.3.3) PMMA Spinning 
Spinning could not be employed for the application of resist in most cases as 
the mold insert formats made of stainless steel were not allowed on the PWM103 
Heavy-duty Spinner (Headway Research, Inc.) at CAMD, as they were considered 
hazardous due to their weight and odd shapes. PWM101 Light-duty Spinner 
(Headway Research, Inc.) was used to spin a 4 µm thick layer of PMMA resist 
(MicroChem Corp.) at 3000 rpm for 20 seconds on a layer of copper (0.3 µm thick) 
evaporated (Temescal BJD-1800 E-Beam Deposition System at CAMD) on a 3” 
diameter ceramic (96 % alumina Laser Processing Technology) disk (2 mm thick). 
The resist was baked in a convection oven (M326 Mechanical Convection Oven at 
CAMD) at a temperature of 150°C for 30 minutes. The PMMA layer provided better 
adhesion during the PMMA bonding process performed later. 
3.2.4) Fly-cutting 
Diamond tipped tool bits (N200 LJ, Contour Fine Tooling Inc.) with a radius of 
5.08 mm and a cutting height of 8.91 mm were used for fly-cutting graphite disks 
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used as X-ray mask substrates as well as X-ray resists to the required thickness. 
Different tool bits were used for different materials. Suitable jigs for different mold 
insert formats were used to stability of the substrate and to achieve a uniform, 
scratch-free fly-cut surface with the Optimum 120 (Precitech Inc.) fly-cutting 
machine at CAMD. A digital readout (Heidenhain Corporation, Schaumburg, 
Illinois; www.heidenhain.com) connected to the machine was used to measure the 
displacement of the spindle and thereby the depth of cut. A Digimicro ME 50 HA 
(Nikon Inc., Melville, NY; www.nikonusa.com) digital height gauge was used at 
regular intervals during the process to measure the thickness of the material being 
fly-cut. All the materials were fly-cut in two stages with different spindle speeds and 
feed rates [Table 3.6]. 
The initial stages of higher material removal rate with higher spindle speeds 
and material feed rates were followed by an overall decrease in speeds and feed 
rates in the final stage to achieve a uniform low-stress scratch-free fly-cut surface. 
 
Table 3.6 Optimum 120 (Precitech Inc.) parameters for different materials 
Material Stage Spindle speed 
(rpm) 
Feed rate  
(ipm inch/min) 
Depth of cut (µm) 
Initial 1260 1.48 10 
Graphite 
Final 1000 0.52 5 
Initial 1550 0.8 50 
PMMA 
Final 698 0.52 10 
Initial 1550 0.8 50 
SU-8 
Final 698 0.52 10 
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 The spindle was raised up by 50 µm after each pass to avoid scratches and 
damage to the fly-cutting tool bit. The X-ray resist on the mold insert was fly-cut to 
a thickness of 30 µm more than the required height of the electroplated 
microstructure to allow additional tolerance for lapping and polishing stages in the 
mold insert fabrication process. 
3.2.5) X-ray Exposure and Development 
The XRLM 2 and XRLM3 beam lines at CAMD were used for the X-ray LIGA 
part of the microfabrication process. Special jigs [Fig 3.14] were fabricated to 
assemble the samples and the X-ray masks on the beam lines. The X-ray 
exposure dose depended on many parameters including area of exposure, 
characteristics of the X-ray mask, top to bottom dose ratio, energy in the X-ray 
beam, molecular weight and thickness of X-ray resist. The X-ray exposure dose 
calculations [Appendix 6] for various combinations produced with two different 
types of X-ray masks, two different X-ray resists in five different thickness, two 
beamlines and two potentials of X-ray beam were made using DoseSim (Institute 
for Microstructure Technology, Research Center, Karlsruhe, Germany), a MS-
Windows simulation tool for synchrotron X-ray exposure and subsequent 
development. X-ray exposure caused cross-linking of monomers in the negative 
resist and the scission of polymer chains in positive resist [3]. The mold inserts with 
cast SU-8 (MicroChem Corp.) resist were reassembled in the casting jig after 
exposure and heated for an hour with the same parameters as used for casting. 
This was done to carry out the post exposure bake required for SU-8 (MicroChem 
Corp.) resist [16,17].  
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Figure 3.14 Jigs for scanners at CAMD 
 
The development process was to remove exposed (positive) or unexposed 
(negative) monomer in the X-ray resist to create 3D patterns. 
3.2.5.1) PMMA Development 
 Material removal from the areas of the X-ray resist exposed to radiation was done 
in the development process that involved immersion of sample in three different 
baths/solutions. 
The six-liter solutions were mixed and stirred constantly in four identical, 
eight-liter rectangular tanks [Nalge Nunc International] using magnetic stirrers and 
spinbars. The tanks were labelled as GG developer, GG rinse, GG (final) rinse 
[Table 3.7] and DI water as per their content and placed in that order from left to 
right as it was the order of their usage in the PMMA development process. 
The immersion of the substrate with the exposed photo resist was done in 
alternating cycle with half an hour in GG developer followed by an hour in GG 
rinse. The number of cycles increased with the thickness of the resist and the 
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aspect ratio of the structures and some empirical [Table3.8] results were obtained. 
The sample was immersed in GG (final) rinse instead of GG rinse in the last cycle 
and was finally immersed in DI water to rinse all chemicals. 
 
Table 3.7 Composition of solutions used in PMMA development process 
Solution Component (company) Volume 
(%) 
Di(ethylene glycol) butyl ether /2-(2-Butoxyethoxy) 
ethanol (Sigma-Aldrich Cheme Gmbh) 
60 
Morpholine (Alfa Aesar) 20 
Ethanolamine/2-aminoethanol (Alfa Aesar) 5 
GG 
Developer 
DI water 15 
Di(ethylene glycol) butyl ether /2-(2-Butoxyethoxy) 
ethanol (Sigma-Aldrich Cheme Gmbh) 
80 
GG Rinse 
DI water 20 
 







130  0.2 - 2 3 
280  0.3 - 5 7 
530  0.8 - 10 15 
780  1.2 - 15 40 










3.2.5.2) SU-8 Development 
Material removal from areas of the unexposed X-ray resist was done in two 
stages in the development process that involved immersion of samples in SU-8 
developer (MicroChem Corp.) for 24 hours followed by immersion in IPA and a 
final rinse in DI water.  To reduce the development time from 24 hours to 30 
minutes, the sample with the resist was immersed in SU-8 developer (MicroChem 
Corp.) in a container suspended in a Branson Tabletop Ultrasonic Cleaner 
(Branson Ultrasonics Corporation, Precision Processing Division, Danbury, CT; 
www.bransonultrasonics.com). Acoustic agitation [19] of the developer at a 
frequency of 15 KHz and at a temperature of 50°C accelerated the material 
removal rate. 
3.2.6) Substrate Treatment and Electroplating of Nickel 
Nickel was electroplated to fill the 3 D pattern created in the X-ray resist during 
development. Steel substrate pre-treatment procedure was repeated for better 
adhesion of electroplated microstructures. Six liters of nickel-sulfamate 
electroplating bath [Table 3.9] were prepared in an eight-liter rectangular Nalgene 
(Nalge Nunc International.) tank and stirred constantly at 60°C for a period of six 
hours for complete dissolution of all solids. 
A Corning filter system with a 0.22 µm filter and a vacuum pump (Vacuubrand 
Inc.) were used to filter the solution at 60°C. Sulfamic acid (Sigma-Aldrich Cheme 
Gmbh) was added to the solution to adjust the pH to 4.0. Nickel electroplating was 
done using the apparatus [Table 3.10] shown in Fig. 3.15. 
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Table 3.9 Composition of Nickel electroplating solution 
Component (company) Quantity 
grams/liter 
Purpose 
Nickel (II) sulfamate (Alfa Aesar) 450 Electrolyte 
Boric acid (Sigma-Aldrich Cheme 
Gmbh) 
37.5  




Saccharin (Sigma-Aldrich Cheme 
Gmbh) 
4 Brightener 




DI water Makeup volume 




Figure 3.15 Setup for electroplating. 
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Table 3.10 Components used in nickel electroplating process 
Component Type/size Manufacturer 
Anode basket  5” X 4” Vulcanium Plating Systems, Northbrook, IL; www.vulcanium.com  




Clips.  Ralph’s Industrial Electronic Supplies. 
Submersible 
stirrer Magnetic 4” X 4” LTE Scientific Ltd. 
Water bath Lindberg/Blue Nurnberg Scientific, Portland OR; www.nurnberg.com  




Model 273 A 
EG&G Instruments.  
Peristaltic Pump 220 rpm Watson-Marlow Inc.  
Tank Capacity - 8 liters Nalge Nunc International. 
Filter capsule FP series Schleicher & Schuell Micro Science, Inc. 
Filter circles 0.7 µm pore,  2.5 cm diameter Whatman
 plc. 
Tube I.D. 1/8”  Nalge Nunc International. 
Electrolyte Nickel sulfamate bath Table 3.9 
 
Established parameters for electroplating nickel [Table 3.11] at LSU were used. 
The current density was increased to 20 mA/cm2 if the electroplating extended 
beyond 72 hours to compensate for a decrease in the electroplating rate. Over-
plating up to 15% in excess of the thickness of resist on the substrate was allowed. 
Upon completion of electroplating, the sample was removed from the jig, washed 
in warm water and rinsed in DI water. 
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Table 3.11 Nickel electroplating parameters 
Parameter (unit) Quantity 
Temperature (° C) 57 
pH of electroplating bath 4 
Galvanostatic current density for D.C plating 
(mA/cm2) 
10 
Stirring speed (rpm) with the magnetic stirrer 150 
Electroplating rate (µm/hr) 12 
 
3.2.7) Lapping and Polishing 
Hyprez lapping system (Engis Corporation, Wheeling, Illinois; www.engis.com) 
was used to lap the electroplated nickel structures to the required height and polish 
them to obtain a shiny surface. A two-part stainless steel jig [Fig. 3.16] was 
fabricated to obtain the required uniform pressure distribution on the modified 1” 
diameter steel plug for even lapping of the nickel microstructures. The modified 1” 
diameter steel plug was placed in the aperture in the bottom plate and the top plate 
was secured on the bottom plate with fasteners. 
A composite iron lap plate (Ron Kehl Engineering, San Jose, CA) comprised 
of a ¼” composite iron plate mounted on a 1” thick aluminum base plate, custom 
made for Hyprez lapping systems (Engis Corporation.) was used for lapping 
electroplated nickel structures on steel mold inserts. The parameters [Table 3.12] 
applied in lapping were evolved empirically [70,71]. Periodic reconditioning of the 
lap plate was necessary to maintain its flatness. 
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All Dimensions in Inches
Plan (top view)






R0.125 1/4" UNC 2B 
R0.125 6 Holes Equally spaced


















a, b) Bottom plate c, d) Top plate e) Jig with plug 
Figure. 3.16. Jig for polishing steel plug on the Hyprez system. 
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Table 3.12 Parameters for lapping and polishing 
Parameter (unit) Quantity 
Angular velocity of plate for lapping and polishing (rpm) 55 
Slurry spray cycle duration on/off (sec) 8/22 
Duration of lap cycle (min) 10 
Lap time between plate successive reconditioning cycles (min) 20 
Duration of plate reconditioning cycle (min) 2 
Angular velocity of plate for reconditioning (rpm) 76 
 
The equipment and procedure for measurement and restoration of flatness of the 
lapping plate surface were part of the lapping system supplied by Engis 
Corporation. Hyprez Diamond Slurries (Engis Corporation.) were used in the 
lapping process. Results [Table 3.13] gained through experience proved the 
lapping rate to be dependent on the size of the abrasive diamond particle in the 
slurry, effective pressure on the metal structures in contact with the lap plate, the 
X-ray resist surrounding the metal structures and the angular velocity of the lap 
plate. Rough lapping with a high material removal rate was followed by finishing 
with a lower material removal rate [Table 3.13] by the use of different diamond 
slurries with progressively smaller particle size.  
Table 3.13 Empirical results with different slurries 







 No significant changes in the lapping process were observed after a switch from 
oil-based to water-based slurries to eliminate oil vapors in a closed environment. 
A 15” diameter polishing cloth (Engis Corporation.) and METADI diamond 
polishing compound (Buehler, Lake Bluff, IL; www.buehler.com) were used with 
the lapping system for polishing to reduce the surface scratches on the lapped 
metal structures and to impart a mirror finish [70, 71]. 
3.2.8) X-ray Resist Removal 
The X-ray resist surrounding the metal microstructures was removed to make the 
mold insert functional. Mold inserts with PMMA X-ray resist over 500 µm thick were 
first exposed to X-rays with a bottom dose of 1000 J/cm3, followed by immersion in 
acetone for 8 hours for complete removal of the remaining PMMA resist to 
conserve beam time at CAMD. Cross-linked negative resist SU-8 (MicroChem 
Corp.) could not be removed from mold inserts as the known removal processes 
worked well only for resist thicknesses less than 100 µm. 
A nomenclature was developed and used to distinguish the different mold 
inserts as per the task number, purpose, height of the electroplated nickel structure 
and the existence of duplicates. 
An example: 
T1 CFI 100 µm #1 
   Number of the mold insert (to account for duplicates) 
   Height of electroplated nickel pattern over substrate 
   X-ray mask used. CFI stands for Coors Fuel Injectors 
   Task number [Appendix 4] 
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SEM, optical microscopy and an optical profilometry were used to inspect 
the sidewall roughness of the electroplated structures and to detect any defects. 
3.3) Molding Process at CoorsTek 
Personal communication with Dr. Steve Landin (CoorsTek Golden CO.) 
indicated the procedure followed at CoorsTek to produce ceramic molds utilizing 
the mold inserts supplied by LSU was that outlined [Fig. 3.17] by German & Bose 
[5]. Many procedural details were deemed proprietary by CoorsTek and hence 
were not reported. 
3.3.1) Feedstock 
Feedstock is the pelletized mixture of powder and binder used in injection 
molding. The powder to binder ratio is considered greatly responsible for the 
success of the entire process. The composition of the feedstock is defined as a 









=      3.3 
The solid loading in the feedstock is Φ, WP is the weight fraction of the powder, 
WB is the weight fraction of the binder, ρP is the density of the powder and  ρB  is 
the density of the binder. 
Critical solids loading is the composition with powder particles packed as tightly 
as possible without the application of external pressure and with all spaces 
between them filled with the binder. 
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a b 
a) Schematic of powder injection molding process b) Flow chart 
Figure 3.17 Powder injection molding; as detailed by German & Bose [5] 
 
An optimal solids loading containing slightly more binder than that measured at 
critical solids loading is used for molding. The molding parameters are greatly 
influenced by the characteristics of the feedstock [Table 3.14], dictated by the 
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composition. The loading used at CoorsTek for the molding was 85% with the 
alumina feedstock and 78% with the YTZP feedstock. 
3.3.1.1) Powder 
The powder used in a feedstock is selected as per the properties and utility 
desired in the final product. A particle is the smallest unit of a powder that cannot 
be subdivided by simple mechanical means. The specific surface area is an 
indirect measure of the average particle size and is useful is predicting the ease of 
densification during sintering. Many powders used in the preparation of feedstock 
are categorized in the terms of specific surface area. 
Table 3.14 Examples of some ceramic feedstocks from German and Bose [5] 








1.6 µm AlN 50PW-45PP-4SA 63 2.41 129 
0.4 µm Al2O3 PW 60 2.74 75 
0.4 µm Al2O3 92PE-8PW 60 2.74 110 
0.4 µm Al2O3 65PP-30PW-5SA 60 2.74 130 
0.4 µm Si3N4 36EVA-27PW-24PMMA- 
13DBP 
60 2.29 140 
0.4 µm Si3N4 100PW 60 2.28 75 
PW- Paraffin wax, PP – Polypropylene, SA – Stearic acid, PE - Polyethylene,  




The surface area S is expressed in terms of particle size D and the theoretical 
density of the powder ρ as S = 6/ (ρ*D). Gas adsorption and/or gas permeability 
are used to measure the surface area of different powders to deduce the particle 
size. Alumina (AD-998) and YTZP powders [Table 3.15] were used for molding at 
CoorsTek. 
3.3.1.2) Binder 
The binder is a temporary vehicle used to pack the powder into the desired 
shape in the mold until it is sintered. The two major ingredients present in roughly 
equal proportions in a typical binder are polymers or waxes that are partially 
miscible in each other. One of them is removed during debinding while the other is 
removed by thermal degradation at the pre-sintering temperature 
3.3.2) Tooling and Molding 
The tools used for injection molding of ceramics are larger than those used 
for polymers to account for shrinkage caused on sintering. The cavity is the vital 
part of the tooling that gives shape to the component. 
The other tools are designed around the cavity for various functions such as 




Φ )1/3 and Z = 1/(1-Y)   3.4 
The shrinkage factor Y, essential for the design of the mold cavity and the 
tooling around it is calculated from the feedstock loading and sintered fractional 
density of the powder. 
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Table 3.15 Material properties from Coors Ceramics Company 
Property Units  Test Alumina 
(AD-998) 
YTZP 
Density gram/cc ASTM C20 3.9 6.0 
Color    Ivory White 
Water Absorption % ASTM C73 0 0 
Elastic modulus GPa ASTM 
C848 
350 200 
Poisson’s ratio  ASTM 
C848 
0.22 0.23 
















Hardness GPa Knoop 
1000g 
14.1 12.7 
Thermal conductivity W/m-K ASTM 
C408 
30 2.2 
CTE 25-1000 106/°C ASTM 
C372 
8.2 10.3 
Specific heat J/kg-K ASTM E 
1269 
880 400 
25°C >1014 >1013 






The solids loading is Φ, ρ is the final density of the ceramic and ρT is the 
theoretical density of the ceramic assuming isotropic shrinkage in sintering. The 
tool cavity expansion factor Z is incorporated into the design of the tools used for 
molding. The dimensions of the electroplated patterns on the mold inserts were 
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fixed and the final dimensions in the molded parts were measured to estimate the 
shrinkage factor for the different combinations of molding as a part of the 
characterization of the injection molding process. The molding cycle [Fig. 3.18] is 
designed to deliver the feedstock to the die to fill the mold cavity. Many parameters 
such as pressure, temperature, flow rate and tool dimensions influence the 
molding cycle. The volumetric flow rate into the die, Q depends on the applied 
pressure P, mixture viscosity ηand mold resistance K and is defined as Q = P/ηK. 
The mold resistance factor for a rectangular mold of length L, width w and a 
thickness H is K = L/w H3 and that for a simple capillary of diameter d and length L 
is K = 128 L/ πd4. 
3.3.3) Debinding and Sintering 
Debinding is to remove the binder in the shortest time with least impact on 
the molded part [66]. The molded component becomes very fragile after the 
removal of the binder, until it is sintered. Machining the debinded ceramic parts for 
fabrication of 3D ceramic devices involved skill and care. The debinding 
techniques are categorized into two main categories, chemical or thermal. In the 
chemical method, the molded part is immersed in a solvent to extract the binder 
while it is extracted by heat in the thermal method. Sintering is a thermal treatment 
for bonding particles in an injection-molded part into a coherent, solid mass. 
At a microscopic level, sintering occurs when atoms move to fill the pore 
between particles in the molded part. Alumina is sintered near 1600 ºC. The 
change in linear dimensions is a measure of sintering assuming it is isotropic. 
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    3.5 
The density of the sintered part is ρS, ρG is the density of the debinded/green part 
and ∆L is the change in the initial dimension LO of the molded part. Reduction of 
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the excess energy associated with the surface is the macroscopic driving force 
operative during sintering. This reduction in area occurs with the elimination of 
solid/vapor interfaces and the creation of grain boundary area, followed by grain 
growth and/or reduction of total surface area by an increase in the average size of 
particles that leads to coarsening. A powder compact in which the surface diffusion 
is much faster than bulk diffusivity would tend to coarsen rather than densify [2]. 
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CHAPTER 4. PROCESS LIMITS 
The limitations encountered in the mold insert fabrication process and the 
strategies evolved to overcome some of them are discussed in this chapter. The 
issues include types of X-ray masks used, different resists and application 
methods, problems and precautions followed in the fly-cutting process, surface 
treatment of substrates and precautions for the lapping process. 
4.1) X-ray Mask 
Kapton HN (Goodfellow Corporation) and graphite were used for X-ray 
mask membranes because of certain advantages and limitations [Table 4.1, Fig. 
4.1] of each material [11,12,13]. 





Membrane thickness (µm) 13 150 
Fragility High Low 
Lifetime  Low High 
Thickness of Au layer electroplated (µm) 10 22 
Achievable X-ray Contrast  Low High 
Maximum thickness of resist on mold insert exposed 
with the mask (µm) 
280 1100 
Sidewall roughness in electroplated nickel structures 
(peak to peak) 
133.1 nm  
[Fig 4.1 a] 
242.2 nm 






a) Profiles of nickel sidewalls electroplated in a X-ray resist exposed with a 
Kapton mask b) Profiles of nickel sidewalls electroplated in a X-ray resist 
exposed with a graphite mask 
Figure 4.1 Profiles of electroplated nickel sidewalls 
 
Special attention was paid to the adhesion and stretching steps in the 
Kapton mask membrane fabrication process to prevent the membrane from 
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sagging on electro-deposition of absorber (Au). Uniform adhesion of membrane 
was ensured to avoid waviness in it. 
The commercially available graphite disk (Poco Graphite Inc.) was flycut 
from a thickness of 200 µm to 150 µm to improve surface quality, thickness 
uniformity and to remove high Z contaminants from the surface [3,13]. The graphite 
disk was bonded to the glass plate to provide a rigid base and ease in handling 
during the flycutting process. Lateral movement between the surfaces being 
bonded was avoided as it was found to degrade the bond. The presence of 
bubbles in the resist used for bonding was found to cause damage to the flycutting 
bit as well as the flycut surface. Repetition of the bonding process with clean 
surfaces yielded better results than the attempts at removal of any bubbles 
entrapped between graphite disk and the glass plate. A segment with a one-inch 
side was cut out from the graphite disk for ease in handling it. The resist from the 
corresponding part on the glass plate was removed to provide a reference surface 
for measurement of graphite disk thickness during the flycutting process. 
The flycutting bit (Contour Fine Tooling Inc.) was not directly above the 
substrate while it was lowered along with the spindle of the flycutting machine 
(Precitech Inc.) to avoid damage to the bit and the substrate. Once lowered, the 
spindle was gently turned to gauge the distance between the flycutting bit and the 
surface to be flycut. The procedure was repeated until contact was achieved. The 
spindle was raised by 10 µm and powered to rotate at the required speed for 
flycutting. All loose particles on the flycut graphite disk were removed with 
Kimwipes EX-L Delicate Task Wipers (Kimberly-Clark Professional, Roswell, 
 62
GA; www.kcprofessional.com) soaked with acetone, Isopropyl Alcohol and DI 
water. 
The thickness of the spun photo resist layer on the membrane was 
measured with a Nikon MM-22U Measuroscope (Nikon Inc.). Absorption of 2 µm 
of photo resist layer was observed with graphite substrates. The frame on stage for 
substrates on Oriel UV station at CAMD was equipped with a vacuum pump to 
provide complete contact between the photo mask and a substrate that could be 
assembled with it. For substrates that could not be assembled in the frame, the 
introduction of Glycerin between the optical mask and the baked resist was found 
to provide good contact and lead to better results in the UV lithography process. DI 
water was used to rinse all surfaces after the exposure. The interface between the 
SU-8 resist and the substrate turned white on immersion in IPA if the time for 
development process was insufficient. The samples that evinced this problem were 
rinsed in DI water and re-immersed in the SU-8 developer (MicroChem Corp.) 
until the problem was redressed. 
The graphite disk was bonded to a glass ring before electroplating Au to 
provide support and to prevent it from cracking at the edges. The glass ring 
simplified the removal of the insulating 4” diameter electroplating tape (HARMAN 
Corporation) after the Au electroplating process. The glass ring prevented 
occasional distortion and bending of the graphite disk attributed to the 
accumulation of organic elements in the Au electroplating bath leading to higher 
stresses in the electroplated Au. The Au electroplating solution was stirred with 
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pure activated carbon (Regent Pet Products, Moorpark, CA) at 90°C for ½ hour 
and all carbon granules along with the organic elements were filtered out [70, 71]. 
4.2) Resists 
The excess bonding solution squeezed out on application of pressure in the 
PMMA bonding process was wiped out completely with Kimwipes EX-L Delicate 
Task Wipers to facilitate ease in assembly of plug in the jig used for lapping and 
polishing. Mylar sheets were used to prevent adhesion of other surfaces in 
contact with each other in the PMMA bonding as well as in the SU-8 casting 
process. A suitable jig [Fig. 4.2] was developed to fit the assembly on the X-ray 
lithography machines (XRLM) 2 and 3 at CAMD. The jig was used to assemble 
and align the modified one-inch diameter plugs and the different X-ray masks for 
X-ray exposure. 
The 50 µm diameter PMMA posts in the SP pattern debonded from the 
mold insert plugs with resist thicknesses that required more than 30 cycles of 
development. This was due to many factors such as small area (less than 8000 
µm2) of adhesion with the substrate, fragile structures with aspect ratios greater 
than 15 and immersion in turbulent viscous liquids used for the development 
process. The PMMA walls in the WC pattern required fewer cycles than the 
channels for complete development and were therefore overexposed to the GG 
developer leading to undercut causing the weakening of the adhesive bond 
between the walls and the mold insert substrate. The severity of the problem was 
very high with 780 µm and 1030 µm thick resists. 
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Plan (Top view)






























Figure 4.2 a, b & c) Different views of jig and mold insert assembly 
 
 65
Acoustic agitation [19] exacerbated the problem and could not be used to 
reduce the time required for development of resist. The PMMA walls were 
sacrificed in these samples for channels for electroplated Ni walls. 
The switch in the type of X-ray resist used was necessary on account of 
problems at CAMD that lead to severe degradation of operational stability, 
potential, and current of the X-ray beam. The 8 to 10 fold increase in the exposure 
time required for PMMA resists 780 µm and 1030 µm thick necessitated due to 
these developments was not affordable or permissible as per the new regulations 
at CAMD. The option of SU-8 resists as an alternative to PMMA as an X-ray 
resist was explored to fabricate mold inserts with 750 µm and 1000 µm tall-
electroplated structures because of significantly lower requirement of X-ray 
exposure dose [Appendix 6]. 
The structures in SU-8 resist were not fully developed notwithstanding 
additional immersion time in the developer due to an assumed cross-linking of 
resist in contact with the metal mold insert on account of prolonged (120 hours) 
exposure to a temperature of about 100°C. This affected the pattern and the mold 
insert fabrication could not proceed further. 
4.3) Electroplating and Lapping 
Debonding of structures with high aspect ratio and those with weakened 
adhesive bonds occurred on account of many factors in the etching stage of the 
surface pre-treatment process such as low pH of electrolyte and high turbulence 
on account of rapid stirring and vigorous evolution of hydrogen gas from the 
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substrate. The resist development and pre-treatment stages were inexpedient in 
the fabrication process. 
The proximity of the different patterns on the X-ray mask caused exposure 
of parts of other patterns in addition to the required pattern during X-ray exposure. 
The additional patterns overlapped the edge of the mold insert and the metal 
electroplated into the voids created by these patterns extended over the edge and 
lead to complications in the lapping jig assembly. Forced removal of excess metal 
from the edge to assemble the plug in the lapping jig lead to the distortion of the 
edge and debinding of the photo resist in extreme cases. PMMA bonding solution 
was filled in the additional patterns in the X-ray resist to avoid electroplating of 
metal over the edge of the mold insert. A piece of Mylar was wrapped around the 
mold insert plug to contain the PMMA bonding solution during the filling process. 
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CHAPTER 5. CO-FIRING AND ASSEMBLY 
Assembly and bonding of ceramic pieces to form 3 D ceramic parts is 
discussed in this chapter. The patterns used for testing the ceramic-ceramic 
bond and the steps in the fabrication of a micro-fuel injector are described. 
5.1) Mold Insert Design 
A two-step process involving two sets of mold inserts was followed to 
characterize the ceramic co-firing process and to produce 3 D micro ceramic 
parts. The first set of mold inserts had electroplated concentric disks and rings for 
characterization of the ceramic co-firing process. The second set had 
electroplated patterns of fuel swirler and air swirler designed to produce the two 
halves of a prototype ceramic micro-fuel injector. 
5.1.1) Disks and Rings 
Concentric disks and rings were designed for the characterization of the 
ceramic co-firing process. Debinded ceramic pieces with different combinations 
of parameters were co-fired. The design of the concentric circles was chosen to 
obtain uniform contact of surfaces during co-firing and to avoid sharp corners. 
5.1.2) Fuel Injector 
The characterization of the injection molding and the ceramic co-firing 
processes was done to facilitate fabrication of a prototype of a 3D ceramic micro-
fuel injector. The two halves of the fuel injector [Fig. 5.1] were made from 
different mold inserts. The debinded ceramic parts, machined at LSU to a 
thickness of 2 mm were sent to LPT (Laser Processing Technology, Portland, 
OR) to obtain 100 µm laser drilled holes at the center of each pattern [Fig. 5.2]. 
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a) Air swirler pattern b) Fuel swirler pattern 






a) Start point of hole b) End point of hole 
Figure 5.2 Micro-hole; laser drilled in a debinded ceramic piece. 
The two halves of the ceramic fuel injector were paired with the swirler patterns 
in complete contact with each other and with the holes in a straight line. The 
aligned pieces were co-fired to obtain the required prototype ceramic micro-fuel 
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injector. A taper reported during the drilling process caused the variation of 
diameter of the hole from 100 µm to 278 µm from one end to another. Some of 
the residue produced during the drilling process remained on the piece [Figure 
5.2 b]. 
5.2) CTE of Materials 
The combination of ceramic parts with different CTE for co-firing was 
exclusive to the concentric patterns and was not applied in the fabrication of the 
fuel injector. 
5.2.1) Geometry 
The variations in the geometry were used to produce normal as well as 
interference fit. Rings and disks were electroplated on three different mold inserts 
used for this process [Fig. 5.3]. The changes in dimensions of the ceramic parts 
because of debinding and sintering were documented along with the composition 
of the feedstock used. The four tangential symmetric channels in the air swirler 
and fuel swirler patterns of the fuel injector [Fig. 5.1] are to create the necessary 
swirl in the incoming fluid. The design of the chamber was to allow mixing of the 
fluids, air and fuel. The holes at the center of the patters were to provide an outlet 
for the air fuel mixture. 






Figure 5.3 Electroplated ring/disks for characterization of ceramic co-firing 
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5.3) Design of Jig for Testing Bond Strength 
The co-fired ceramic sample [Fig. 5.4] was to be subjected to a tensile test 
on an Instron testing machine (Instron, Canton, MA) with the use of a jig [Fig. 
5.5] fabricated to hold the co-fired ceramic pieces with ring and disk structures in 
contact with each other. 

















Figure 5.4 a & b) Schematic of co-fired ceramic bond test 
 













Figure 5.5 a, b & c) Jig to mount ceramic pieces for tensile test  
Figure 5.5 continued
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CHAPTER 6. LARGE AREA MOLD INSERTS 
6.1) Mold Insert Design 
Mold inserts with large area formats were needed for electroplated 
patterns that required more area on the mold insert and for two-sided molding. 
6.1.1) 3” Square Format for Mold Inserts 
The 3”square mold insert format [Figures 6.1,and 6.2] was designed jointly 
by LSU and CoorsTek for large area molded structures and for two-sided 
molding. 
All Dimensions in mm
Plan (Top View)












































a, c & e) Different views of plate 1 b, d & f) Different views of plate 2 
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R1.42 4 40 UNC 2B four holes
R3.00 four holes
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R2.82 1/4-20 UNC 2B
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e  f 
a, c & e) Different views of plate 3 b, d & f) Different views of plate 4 
Figure 6.2 3” X 3” format mold insert plates 3 and 4 
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Plates 1 and 3 were assembled to form one side while plates 2 and 4 were 
assembled to form the other for large area injection molding. The two-sided 
molding could be done with electroplated microstructures on plates 1 and 2. 
Plates 3 and 4 were made of tool steel while plates 1 and 2 were made of invar 
or nickel. 
6.1.2) Two-sided Molding and Dovetail for Heat Exchanger 
Two-sided and multiple stage molding was proposed to fabricate a 3D 
heat exchanger with a dovetail and micro posts [Fig. 6.3]. The mold insert was 
made in two parts mounted on facing plates. 
The dovetail was to be machined on one plate while the nickel microstructures 
were electroplated on a nickel substrate. The substrate [Fig. 6.4 c] was fastened 
to the posts plate [Fig 6.4 b] facing the dovetail plate [Fig. 6.4 a]. An aluminum 
ring [Fig. 6.4 d] was used to secure the substrate on the posts plate. 
 
Figure 6.3 Heat exchanger tile with dovetail and micro-posts 
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The plates mounted on the injection-molding machine were aligned to achieve 
mutual contact of the microstructures and a high temperature polymer used as 
the binder [56,57] was injected to fill the void to form a lost mold. The alumina 
feedstock was to be injected into the lost mold in the second stage. The ceramic 
heat exchanger tile was obtained on sintering after the removal of the binder. 
6.2) Process Parameters 
The procedures adopted for the mold insert fabrication as well as for 
molding in the case of large area mold inserts varied from those used with 
modified one-inch diameter steel plugs. Significant variations were needed in the 
procedures used for the X-ray exposure, insulation for electroplating and 
methods used for debinding. 
6.2.1) X-ray Mask Alignment 
The arrangement of patterns on the X-ray mask had to be in consonance 
with the distribution of the holes on the large area format mold inserts. 
The X-ray mask had to be aligned with the substrate used in two-sided 
molding as the posts had to be aligned with the machined dovetail on the facing 
plate for molding. 
6.2.2) Precautions in Electroplating 
Prevention of electrodeposition on the mold insert in unintended areas 
was more complicated with the large area formats compared to the modified one-
inch diameter plugs. The holes in the 3”square format mold insert were filled with 
wax to prevent contact of the metal surface and electrolyte during electroplating. 







c  d 
 
e 
a) Dovetail plate b) Posts plate c) Nickel substrate with electroplated nickel 
posts d) Aluminum ring to fix substrate on posts plate e) Complete assembly of 
mold inserts for two-sided molding 
Figure 6.4 Different parts of the two-sided molding setup 
 
6.2.3) Push Pins and Demolding 
The holes in the 3”square format mold insert were to allow push pins used 
for demolding. This was necessitated because of increase in the force required 
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because of increase in the area of contact between the mold insert and the 
molded material. 
6.3) Injection Molding Machine 
The injection molding machine at LSU was selected after a considerable search 
[Appendix 5] for a machine without any hydraulic systems. A BA 500 CDK-SE 
injection molding machine was ordered from Battenfeld (West Warwick, RI). 
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CHAPTER 7. RESULTS 
The data obtained by three different instruments from the samples in three 
different stages was used for the characterization of the injection molding 
process. A Scanning Electron Microscope (SEM) at LSU, Nikon OPTIPHOT-88 
Optical Microscope (Nikon Inc.) at LSU and the WYKO NT3300 Optical Profiler 
 (Veeco Instruments Inc., Woodbury, NY) at CAMD were used to measure the 
surface characteristics of the mold inserts, debinded ceramic parts and sintered 
ceramic parts as part of the ceramic injection molding process characterization. 
The parameters used in the different stages of injection molding and sintering 
carried out at CoorsTek were considered proprietary by CoorsTek and hence 
not revealed. A few details about loading and sintering cycle were provided 
during personal communication with CoorsTek. The weight percentage loading 
used for molding was 85% in the alumina feedstock and 78% in the YTZP 
feedstock. The pieces were all sintered at once in a single sintering cycle The 
SEM results of the WC pattern [Figures 7.1, 7.2, 7.3 & 7.4] showed an increase 
in rounding of edges of features in ceramic pieces with an increase in the depth 
of corresponding features on the mold used to produce them. The continuity of 
the walls and channels in ceramic pieces molded from mold insert with patterns 
with an aspect ratio of 7.5 was affected. Electroplated patterns with an aspect 
ratio greater than 7.5 [Fig. 7.5] were destroyed during demolding and hence no 
further molding could be carried out. Ceramic pieces from the mold insert with 
WC pattern [Fig. 7.3] were not produced, as the mold insert was rendered 
dysfunctional due to problems faced at CoorsTek during demolding. Overall, 
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results of molding were better with the YTZP feedstock compared to alumina 















a) Channel in electroplated nickel on mold insert b) Walls in sintered alumina c) 
Walls in sintered YTZP d) Nickel-steel boundary on mold insert e) Wall-channel 
in sintered alumina f) Walls-channels in sintered g) Sidewall at nickel-steel 
boundary on mold insert h) Channel in sintered alumina YTZP i) Channels in 
sintered YTZP 
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a) Sidewall of channel in electroplated nickel on mold insert b) Walls in 
sintered alumina c) Walls in sintered YTZP d) Sidewall of electroplated 
nickel channel with sparse PMMA residue; on mold insert e) Channels in 
sintered alumina f) Channels in sintered YTZP g) Sidewall of electroplated 
nickel on mold insert h) Section of channel in sintered alumina i) Walls in 
sintered YTZP 










a) Nickel – steel boundary on mold insert b) Walls in sintered alumina c) 
Channels in sintered YTZP 
Figure 7.4 SEM results of WC pattern – 750 µm 
 
 













a) Mold insert with circular hole in electroplated nickel with PMMA residue on 
sidewalls b) Hexagonal posts - sintered alumina c) Posts – sintered YTZP d) 
Sidewall of electroplated Nickel on mold insert e) Pentagonal posts-sintered 
alumina f) Posts – sintered YTZP g) Square posts -sintered alumina h) Posts 
– sintered YTZP  
Figure 7.6 SEM results of SP pattern – 100 µm 
 
The SEM results of the SP pattern in different aspect ratios [Figures 7.6, 7.7 & 
7.8] showed an increase in rounding of edges in the ceramic parts with an 
increase in the depth of the pattern on the mold insert used. The molding was 
better with the YTZP feedstock than the alumina feedstock. The success rate 
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with posts decreased with an increase in aspect ratio. Mold inserts with 
electroplated nickel structures 750 µm and 1000 µm high could not be produced 
due to challenges faced in the mold insert fabrication process. The partial 
destruction and deformities in the ceramic patterns [Fig. 7.8] at aspect ratios 
greater than 7.5, due to problems in the demolding at CoorsTek prevented 
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a) Pentagonal hole in electroplated nickel on mold insert b) Circular posts – 
sintered alumina c) Posts – sintered YTZP d) Square hole in electroplated 
nickel on mold insert e) Hexagonal posts – sintered alumina f) Posts – sintered 
YTZP g) Circular hole in electroplated nickel on mold insert h) Square posts – 
sintered alumina i) Posts – sintered YTZP j) Sidewall of hole in electroplated 
nickel on mold insert k) Pentagonal posts – sintered alumina l) Hexagonal 








a) Mold insert with square hole in electroplated Nickel b) Partially damaged 
posts – sintered alumina c) Pentagonal post – sintered YTZP 
Figure 7.8 SEM results of SP pattern – 500 µm 
 
The SEM results from disk [Figures 7.9 & 7.10] and ring patterns Figures 7.11 & 
7.12] in two different heights showed better molding with YTZP feedstock than 
with alumina feedstock. The aspect ratio of structures used for molding was not 
of concern as the purpose of the structures was to test the strength of the cofired 
bond. The cofired ceramic pieces were not sent by CoorsTek and hence could 






a) Sidewall of electroplated nickel on mold insert b) Disk – sintered alumina c) 
Disk sidewall – sintered YTZP 




b  c 
a) Sidewall of electroplated nickel on mold insert b) Disk sidewall – sintered 
alumina c) Disk sidewall – sintered YTZP  





a) Sidewall of electroplated nickel on mold insert b) Section of ring – sintered 
alumina c) Section of ring – sintered YTZP 





a) Nickel-steel boundary on mold insert b) Ring sidewall– sintered alumina c) 
Section of ring – sintered YTZP 
Figure 7.12 SEM results of ring pattern – 500 µm 
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The ceramic pieces with the ring and disk patterns sent by CoorsTek were those 
sintered without assembly. Some distortion and minor defects on sidewalls in the 
sintered ceramic pieces were observed. The mold inserts with the electroplated 
ring patterns to produce ceramic pieces for interference fit were not used for 
molding at CoorsTek as they were overlooked as duplicates of the mold inserts 
with ring patterns to produce debinded/green ceramic pieces for an assembly 
with an exact fit. 
The SEM micrographs of the air swirler pattern [Fig. 7.13] and fuel swirler 
pattern [Fig. 7.14] showed better molding with YTZP feedstock than with alumina 
feedstock. 
 
a  b 
 
c 
a) Electroplated Nickel pattern on mold insert b) Channels in pattern – sintered 
alumina c) Swirler pattern – sintered YTZP 
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a) Nickel-steel boundary on mold insert b) Center of pattern – sintered 
alumina c) Center of pattern – sintered YTZP d) Sidewall of electroplated 
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a) Circles in SP b) Pentagons in SP c) Walls/Channels in WC d) Squares in SP 
e) Hexagons in SP f) Fuel swirler pattern g) Air swirler pattern 
Figure 7.15 Nomenclature for lateral dimensions in different patterns 
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 There was some residue at the center of the air swirler pattern in the molded 
alumina pieces. 
A nomenclature [Fig. 7.15] was evolved to distinguish the various lateral 
dimensions on the different patterns and for comparison of the features on the 
debinded/green ceramic pieces and sintered ceramic pieces with the 
corresponding features in the patterns on the mold inserts used. 
The lateral dimensions and the heights/depths of the features on the 
debinded as well as the sintered ceramic pieces were compared with the 
corresponding features of the electroplated patterns on the mold inserts. The 
variations in the SP pattern were plotted as per the size of the feature and the 
mold insert used. The depth/height measurements were made with the WYKO 
optical profilometer at CAMD. The average values obtained from multiple 
measurements are plotted. The lateral dimensions obtained from the optical 
microscope were also averaged for similar features on each pattern. The error in 
measurement was about 3% as was the variation in the dimensions and hence 
error bars are not plotted. The measurements of dimensions of different features 
were normalized to the corresponding features on the mold insert used. The 
depth comparison of various features in the SP pattern [Fig. 7.16] illustrated the 
general trend of shrinkage during sintering and debinding except for a few 
anomalies. The gaps between different features in the ceramic pieces increased 
on shrinkage caused by sintering [Fig. 7.17]. The overall shrinkage [Table 7.1] 
was greater in YTZP pieces as compared to alumina pieces. 
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Table 7.1 Changes in overall dimensions of ceramic pieces 
 YTZP Alumina 
 Debinded Sintered Change 
(%) 




24.97 18.03 27.8 25.2 21.2 15.9 
Thickness 
(mm) 
4.96 3.45 30.5 4.74 4 15.6 
Volume 
(mm3) 
2429.87 881.2 63.7 2365 1412.52 40.3 
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Alumina M old
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Square 200 micron Square 150 micron Square 100 micron Square 100 micron Pentagon 200 micron
Pentagon 150 micron Pentagon 100 micron Pentagon 100 micron Hexagon 200 micron Hexagon 150 micron
Hexagon 100 micron Hexagon 100 micron Circle 200 micron Circle 150 micron Circle 100 micron
Figure 7.16 Comparison plot of feature depth/height in SP pattern 
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Square 200 micron Side Square 200 micron Gap Square 150 micron Side
Square 150 micron Gap Square 100 micron Side Square 100 micron Gap
Pentagon 250 micron Side Pentagon 250 micron Diagonal Pentagon 250 micron Gap
Pentagon 250 micron Distance Pentagon 150 micron Side Pentagon 150 micron Dia
Pentagon 150 micron Gap Pentagon 150 micron Distance Pentagon 100 micron Sid
Pentagon 100 micron Diagonal Pentagon 100 micron Gap Pentagon 100 micron Dist
Hexagon 200 micron Side Hexagon 200 micron Diagonal Hexagon 200 micron Gap
Hexagon 200 micron Distance Hexagon 150 micron Side Hexagon 150 micron Diag
Hexagon 150 micron Gap Hexagon 150 micron Distance Hexagon 100 micron Side
Hexagon 100 micron Diagonal Hexagon 100 micron Gap Hexagon 100 micron Dista
Circle 200 micron Diameter Circle 200 micron Gap Circle 150 micron Diamet
Circle 150 micron Gap Circle 100 micron Diameter Circle 100 micron Gap  
Figure 7.17 Comparison plot of lateral dimensions in SP pattern 
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The comparison of lateral dimensions in WC pattern [Fig. 7.18] reflected the 
general trend observed with the SP pattern. Except for a few anomalies, the 
walls shrank on sintering while the gaps between shrinking features increased 
marginally. A similar trend was noticed in the comparison plots with channel 
width [Fig 7.19], pattern depth [Fig 7.20] and other lateral dimensions [Fig 7.21] 
in various patterns used in this thesis. 
 
































































100 micron depth 250 micron depth 750 micron depth















Wall Channel Wall gap Channel gap Wall spacing Channel Spacing
 
Figure 7.18 Comparison plot of lateral dimensions in WC pattern 
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Wall & Channels 100 micron Wall & Channels 250 micron
Wall & Channels 750 micron Air Swirler Channel 120 micron
Fuel Swirler Channel 50 micron
 
Figure 7.19 Comparison plot of channel width in different patterns 
 









































































































100 microns 250 microns 500 microns 750 microns
 
Figure 7.20 Comparison plot of feature depth in various patterns 
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Figure 7.21 Comparison plot of lateral dimensions in various patterns 
 
The debinded/green ceramic pieces with the fuel swirler and air swirler 
patterns were milled from a thickness of 4mm to 2 mm on a CNC machine at 
LSU. The machined pieces were sent to LPT (Laser Processing Technology, 
Portland OR) for laser drilling to obtain micro holes with a diameter of 100 µm. 
The laser-drilled hole [Fig. 7.22] was centered in the pattern. The diameter of the 
hole increased from 100 µm to 278 µm over a thickness of 2 mm on account of a 
taper that was unavoidable with the laser machining process used at LPT.  
The SEM pictures of cross section of the cofired bond [Fig. 7.23] formed 








a) Hole at the starting point b) End of the laser drilled hole with some residue 








a, b, c & d) Cross section of cofired alumina pieces 
Figure 7.23 SEM results of co-fired ceramic bond 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
The conclusions and recommendations from the thesis could improve and 
guide future work towards production of 3D ceramic parts with micro- injection 
molding. 
8.1) Conclusions 
The injection molding process for the mold bodies used at CoorsTek was 
characterized. A procedure for fabrication of mold inserts was established. The 
feasibility of fabrication of 3D ceramic parts was proved. The effects of various 
types of X-ray masks on the sidewall roughness of electroplated nickel structures 
were determined. Mold insert fabrication was successful with a few exceptions. 
The effect of different ceramic powders and loading on molding was examined. 
The feasibility of machining, laser drilling and co-firing of debinded ceramic pieces 
was proved. Initial results with experiments to fabricate mold inserts with low CTE 
were encouraging. 
8.1.1) X-ray Mask  
Kapton and graphite were used as membranes for different X-ray masks. 
The observed limitations and advantages of X-ray masks with these membranes 
were compared. X-ray masks with the Kapton membrane were found to be fragile 
but yielded electroplated metal structures with lower sidewall roughness (133 nm 
peak to peak) as compared to those with the graphite membrane (242 nm peak to 
peak). The effect on demolding could not be ascertained because of insufficient 
details of molding provided by CoorsTek. 
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8.1.2) Mold Inserts 
The success rate with mold insert fabrication was good (83%). Most of the 
mold inserts [Table 8.1] specified in the contract [Appendix 4] were shipped to 
CoorsTek. High aspect ratio structures in resist were found to be extremely 
vulnerable to debonding from the substrate during the surface treatment and resist 
development processes. This prevented fabrication of mold inserts with channels 
and holes for small posts in heights of 750 µm and 1000 µm. Mold inserts with ring 
and disk structures were in the two heights of 100 µm and 500 µm and those with 
fuel and air swirler. Casting of X-ray resist was done with some success. 
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The molding process at CoorsTek was done with two different ceramic 
powders. The results in ceramic pieces molded with YTZP feedstock with a grain 
size of 0.4 µm [72] and a weight loading of 78 % proved better than those molded 
with alumina feedstock with a grain size of 0.6 µm [72] and with a weight loading 
of 85 %. 
8.1.4) Debinded Ceramic Pieces 
Machining and laser drilling of debinded ceramic pieces was feasible. Initial 
results from co-firing ring and disk structures proved the possibility of 3D ceramic 
devices with ceramic-ceramic bonds. The ceramic pieces were all sintered in one 
cycle so the variations produced during sintering could not be ascertained. 
8.1.5) Low CTE Mold Inserts 
Initial results from electroplating multiple layers yielded positive results. 
Electroplating Invar-like alloys in layers separated by nano-sized layers of copper 
was feasible. Preliminary results from thermo-mechanical analysis (TMA) of 
electroplated structures validated the assumption that multi-layers of copper 
reduced variation of CTE in annealed Invar-like alloys. The electroplating 
parameters were evaluated and ongoing efforts are expected to yield additional 
results soon. 
8.2) Recommendations for Future Work 
The recommendations based on the experience gained from this thesis 
work could further future efforts towards development of complex 3D ceramic 
parts with micro components and also aid in the improvement of the various 
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aspects of the mold insert fabrication process. The recommendations include 
suggestions for improvement of post molding processing of ceramic pieces, 
enhancement of X-ray masks and resists, improvement in surface treatment 
methods, exploration of mold insert formats and patterns electroplated on them 
and to reduce dependence on external sources leading to greater productivity. 
8.2.1) Ceramic Bonding and Machining 
Further exploration of machining, drilling and co-firing debinded ceramic 
pieces could assist in fabrication of complex 3D ceramic parts and working 
devices for a wide variety of applications. Debinded ceramic pieces molded from 
many different feedstocks need to be machined and drilled to characterize those 
processes. Different combinations of debinded ceramic pieces possessing 
microstructures in geometrical configurations need to be assembled and co-fired 
to test the limits of the co-firing process. 
8.2.2) X-ray Mask 
Exploration of new ideas and further experimentation can yield X-ray masks 
that can yield electroplated structures with lower sidewall roughness in the 
patterns created in the resist in the LIGA process. Many different materials can be 
explored to replace or enhance the capability of those presently used as 
membrane material. These changes could make the X-ray mask fabrication 
process more economical. 
8.2.3) X-ray Resists 
Innovations in the field of resist for X-ray LIGA can enhance the process 
capabilities and provide the solution to some of the problems faced in the mold 
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insert fabrication process in this thesis. Development of pre-cast sheets of 
negative resists (SU-8) could greatly simplify the resist application methods and 
help eliminate the casting process along with its drawbacks. Improvements in 
resists to increase adhesion and reduce fragility could help mitigate the problem of 
debonding of high aspect ratio structures from the substrate they are bonded to 
during surface treatment of the substrate. 
8.2.4) Surface Treatment 
New developments in the technology used for surface treatment of substrates for 
better adhesion of electroplated structures could positively impact the mold insert 
fabrication process and could make molded ceramic parts with high aspect ratio 
micro structures a reality. Better methods for surface treatment along with 
improvement in X-ray resists could address the present problems plaguing the 
mold insert fabrication as well as molding processes in production of parts with 
high aspect ratio microstructures. 
8.2.5) Patterns and Formats 
More and varied patterns need to be developed and electroplated on mold inserts 
to test the limits of the mold insert fabrication and the injection molding processes. 
These could help in fabrication of complex and highly functional 3D ceramic 
devices. Designs for various types of mold insert formats need to be developed to 
enhance the capability of the injection molding process. The patterns and mold 
inserts with low CTE and with smaller features need to be developed to address 
the varied needs for micro ceramic devices and to transform the ceramic micro 
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injection molding process into a highly competitive and effective fabrication 
technology. 
8.2.6) Molding, Machining and Sintering Facilities 
Further development of facilities at CAMD and LSU for ceramic injection molding 
ceramics, machining, laser drilling and sintering debinded ceramic parts would 
greatly reduce the dependence on external sources and would enhance the 
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APPENDIX 1 PMMA DATA 





APPENDIX 2 MEMS HEAT EXCHANGER FOR HARSH ENVIRONMENTS 
Ceramic heat exchanger tiles were to be mounted on gas turbine blades 
to act as a barrier between the combustion products and the turbine blades. A 
dovetail in the design of the ceramic tile was to be used to mount them on the 
turbine blades. This required a two-stage molding process with a lost mold in the 
intermediate stage. The plates with the mold inserts and microstructures were 
aligned for two-sided molding. The dovetail was machined on one of the plates 
referred to as the dovetail plate. The posts were electroplated on a nickel 
substrate. The substrate was fastened to the other plate used in the injection 
molding, referred to as the posts plate. The plates were aligned and a binder was 
to be injected to form a mold. This mold was filled with the feedstock in the 
second stage. The mold from the second stage was to be sintered to obtain the 
final 3D ceramic heat exchanger. The design of the mold inserts for the two-sided 
molding is detailed in Fig A 2.1 and Fig. A 2.2. 

















Figure A 2.1 MEMS Heat exchanger design 
Figure A 2.1 continued
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a) Front view b) Top view c) Perspective view  
 






























































































Figure A 2.2 Different parts of the two-sided molding setup 
































All Dimensions in inches  
h 
Elevation (Front View)

















a, c & e) Dovetail plate b, d & f) Posts plate e, g & i) Nickel substrate with 
electroplated nickel posts h, j & l) Aluminum ring to bind substrate on posts 
plate m) Complete assembly of mold inserts for two-sided molding 
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APPENDIX 3 MULTI-LAYER ELECTROPLATING  
Multiple Layer Electroplating (Alternate Layers of Ni-Fe and Cu): 
Fabrication of mold inserts and electroplated structures with low CTE 
(Coefficient of Thermal Expansion) was of interest to minimize dimensional 
variation of micro-parts during the injection molding process. Earlier work [Datta, et 
al. 2001] at LSU proved the Invar like (64% Fe and 36% Ni) to be a suitable alloy 
for mold inserts as well as for electroplated structures. However the earlier work 
done at LSU also showed a variation of CTE of electroplated Invar over a 
temperature range of 22°C to 300°C. Grain growth in the electroplated metal on 
account of annealing was suspected to be the cause for the variation in CTE. 
Electroplating Invar in layers alternated with layers of copper [55] a few nanometers 
thick is an idea being pursued in an ongoing effort to address that issue and 
resultant variation of CTE. 
Two different patterns with grids of cylindrical posts are being electroplated 
on different substrates for various tests including evaluation of CTE and elemental 
composition along the length of the post. Well-tested and established parameters at 
LSU for electroplating Invar were implemented to electroplate alternate layers of 
Invar and copper. The first pattern [Fig. A 3.1], uniform posts (UP) was composed 
of a 130 X 130 grid of circles with a uniform diameter of100 µm and with a uniform 
spacing of 300 µm. The second pattern [Fig. A 3.2], multiple diameter multiple 
space posts (MMP) was made of 10X10 grids of circles. The diameter and spacing 
was uniform within each grid and varied incrementally from one grid to another. The 
patterns were designed to observe the effect of variations in diameter of the posts 
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and the spacing between them on the composition and presumably the CTE of 
posts. The X-ray LIGA process was used to produce electroplated posts 100 µm in 
height. 









Figure A 3.1 Pattern for micro-posts with uniform diameter and spacing  
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Figure A 3.2 Pattern for micro-posts with different diameters and spacing 
 
Four combinations of electroplated posts were obtained with the two 
patterns (UP and MMP) and with two electroplating bath compositions [Table A 3.1, 
3.2]. One of the electroplating baths was used to produce micro-posts with 
alternate layers of Invar and copper while the other was used to produce micro-
posts of Invar. 
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Table A 3.1 Composition of Ni-Fe-Cu electroplating bath 






























288.4 0.001M 0.2884 
Boric Acid BH3O3 61.83 0.5M 30.915 
Ascorbic 
acid 











Table A 3.2 Composition of Ni-Fe electroplating bath 






















288.4 0.001M 0.2884 
Boric Acid BH3O3 61.83 0.5M 30.915 
Ascorbic 
acid 








A ceramic (96% Al2O3) disk (3” diameter and 1mm thick) from LPT (Laser 
Processing Technology, Portland OR) was used as the substrate. A side of the 
ceramic disk surface was made an electrical conductor with the evaporation of a 
0.3-µm thick layer of Cu at CAMD. A jig [Fig A 3.3] was made to accommodate the 
substrate in the assembly [Table A 3.3] utilized for electroplating as part of the X-
ray LIGA process used to produce the micro-posts. Parameters [Table A 3.4] well 
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established at LSU were used for electroplating. The substrates were marked as 
MMP, UP, MMP Cu and UP Cu to indicate the pattern of posts electroplated and 
the inclusion or otherwise of copper in the electroplated microstructures. 
Plan (Top view)














E le va tio n  (F ro n t v ie w )











a) Top view b) Front view c) Perspective view 
Figure A 3.3 Electroplating jig for the ceramic substrate  
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Table A 3.3 Components used in multi-layer electroplating process 




5 liters Table A 3.1 or Table 3.2 
Magnetic 









Ralph’s Industrial Electronic 
Supplies 
Submersible 
stirrer Magnetic 4” X 4” LTE Scientific Ltd 
Stirrer Mechanical  
Yamato Scientific Co., Ltd.2-1-6, 
Nihonbashi Honcho, Chuo-ku, 
Tokyo, 103-8432 Japan 
(www.yamato.net) 
Water bath Lindberg/Blue Nurnberg Scientific 
Power supply Potentiostat/Galvanostat, Model 273 A EG&G
 Instruments 
Peristaltic 
Pump 220 rpm Watson-Marlow Inc. 
Tank Capacity - 4 liters Daigger & Company, 
Tube I.D. 1/8” Nalge Nunc International, 
Component Type/size Manufacturer 
Filter capsule FP series Schleicher & Schuell Micro Science, Inc.  
Filter circles 0.7 µm pore, 2.5 cm diameter Whatman plc. 
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Table A 3.4 Multi-layer electroplating process parameters 
Parameter (unit) Quantity 
Temperature (° C) 40 
pH of electroplating bath 2 
Duration of pulse (sec)  1 (ON; high current) /3 (OFF or low current) 
Galvanostatic current density 
(mA/cm2) 
42.5 (Ni-Fe)/0.5 (Cu) or 
42.5-ON /OFF 
Stirring speed (rpm) (magnetic 
and mechanical stirrers) 
250 
Electroplating rate (µm/hr) 5 
 
The substrates were diced to 1cm X 1cm pieces at Sawtech Inc. (Harlingen 
TX). The pieces, released after dicing were subjected to the X-ray resist 
development cycle for removal of X-ray resist. The pieces on each substrate were 
numbered and divided into four categories [Table A 3.5] to be tested for different 
properties. Fifty percent of the total pieces were annealed at 300ºC for 8 hours 
while the other half were not annealed. Seventy five percent of the total pieces 
were sent to Stork Technimet Inc. (New Berlin, WI. www.technimet.com) for 
thermo-mechanical analysis (TMA) to evaluate CTE of the material while the rest 
were used for determination of hardness and composition of the micro-posts. 
Different micro-posts on each piece were analyzed along their length from top to 
bottom for chemical composition. Buehler Sample Kwick (Lake Bluff, IL; 
www.buehler.com) set was used to mount the pieces with the micro-posts in an 
epoxy to facilitate ease in grinding and polishing required for further analysis 
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including Wavelength Dispersive Spectroscopy (WDS). Grit 120 polishing paper 
(Buehler) was used to grind away the first row of posts on each sample. The 
Hyprez lapping system (Engis Corp.) was used to polish the second row of posts. 
Hyprez diamond slurries with grit sizes of 1 µm, 0.5 µm and 0.1 µm were used in 
that order to polish the micro-posts. The WDS analysis of the micro-posts [Fig. A 
3.4] for composition was from bottom to top. Some of the TMA results from Stork 
Technimet [Figures A 3.5, A 3.6, A 3.7, A3.8] were compared with CTE of bulk 
metals/alloys [Table A 3.6]. 
Table A 3.5 Schematic of the division of substrate for different purposes 
1 11 12 13 1 11 12 13 
5 2 14 15 5 2 14 15 
6 7 3 16 6 7 3 16 
8 9 10 4 8 9 10 4 





1,2,5,6,7,8,9,10, (1a, 5a) –Annealed 
3,4,11,12,13,14,15,16, (3a, 11a) – Unannealed 
1,2,3,4, (1a, 3a) – Composition, hardness tests 
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a) MMP with Cu annealed b) MMP without Cu unannealed c) UP with Cu 
unannealed d) UP without copper unannealed e) UP without Cu annealed f) UP 
with Cu annealed g) MMP with Cu unannealed 
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Thermomechanical analysis (TMA) of the pieces supplied at Stork (Stork 








a) Sample b) Substrate c) Net result 








a) Sample b) substrate c) Net result 







a) Sample with substrate b) Net result  






a) Sample with substrate b) Net result 




Table A 3.6 TMA results compared with CTE of bulk metal/alloys 
Material CTE µm/m-K 
(Temperature range ºC) 
(Un)annealed Copper 20.2 (500) 18.5 (250) 
Super Invar 2.5 (250) 
Carpenter Invar (Fe-63% Ni- 
36%) 
7.6 (500), 4.16 (250) 
MMP annealed 3.07 (300) 
MMP unannealed 4.3 (300) 
UP annealed 1.5 (300) 
UP unannealed 1.11 (300) 
MMP Cu annealed 2.02 (300) 
MMP Cu unannealed 0.847 (300) 
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APPENDIX 4 LSU-COORSTEK CONTRACT 
Salient features of the LSU-CoorsTek contract: 
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All Dimensions in micrometers  
f 
a) Pattern 8- Air side of fuel injector swirler b) Pattern 9- Fuel side of fuel 
injector swirler c) Pattern 7- Grid with different diameter circles d) Pattern 5- 
Walls/Channels e) Ring pattern for task 5 f) Disk pattern for task 5 
Figure A 4.1 Different patterns specified in the contract 
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Table A 4.1 LSU-CoorsTek Contract 
Task 1: Standard Process Limit Evaluation 
The objective is to use the modified 1” diameter plug mold insert format to 
evaluate the limits of micro-injection molding with the current processes. 
LSU CoorsTek 
Make 2 X ray masks, one for the test grid of 
different diameter holes (Pattern 7) and one 
for test channel/wall pattern (Pattern 5). 
For each mask, supply mold inserts with 
structure heights of 100 µm, 250 µm, 500 
µm, 750 µm and 1000 µm. 
Make two X-ray masks for the fuel (Pattern 
9) and air (Pattern 8) side of the fuel 
injector. 
Supply mold inserts with 75 µm tall 
structures. 
Make 15 additional plug mold 
insert holders. 
Mold, debind and sinter 20 
pieces with each insert for 
Patterns 5 and 7 in YTZP. 
Mold, debind and sinter 20 
pieces with each insert for 
Patterns 5 and 7 in 998 
alumina. 
Mold debind and sinter 20 
pieces with each insert for 
Patterns 8 and 9 in alumina 
and YTZP 
Provide SEM photographs of 
the molded parts. 
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Table A 4.1 continued 
Task 2: Large area / Two sided mold base 
The objective is to design and build a mold that can mount micro-scale mold 
inserts on either one or both sides. The mold base must be able to accept up 
to 3” X 3” mold inserts. 
LSU CoorsTek 
Define mold insert formats and 
mounting requirements. 
Define registration features to provide 
desired tolerances. 
Design and make mold base. 
Define mold format and standard 
requirements. 
Define engineered features to 
provide desired tolerances. 
Design mold base with flexible 
features. 
Make and validate mold base. 
 
Task 3: Large area one-sided molded structures- Heat exchanger. 
The objective is to mold and assemble two halves of a micro-heat exchanger 
using the porous alumina/metal process with copper for assembly of the two 
pieces. 
LSU CoorsTek 
Deliver a one-sided mold insert 
for the micro-heat exchanger. 
Mold, debind and partially sinter 6 heat 
exchanger halves with 998 alumina. 
Assemble 3 heat exchangers using the 
CoorsTek porous ceramic/copper process. 
Build metal infiltration/join system. 
Test infiltration system. 
Provide SEM digital micrographs of 
interface. 
Mold, debind and partially sinter 20 heat 
exchanger halves in 998 alumina. 
Assemble, infiltrate and join 3 heat 
exchangers. 
 
Task 4: Large area two-sided molded structures-Fuel injector. 
The objective is to mold a fuel injector array with micro-patterned structures 
on both sides of the plate and through-holes from the fuel-side to the air-side 
in the center of each injector. 
LSU CoorsTek 
Deliver two mold inserts, one for 
each side of the fuel injector. 
Mold, debind and sinter 3 fuel injector 
plates in 998 alumina and YTZP. 
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Table A 4.1 continued 
Task 5: Co-fired assembly. 
The objective is to test fabrication of components containing micro-scale 
features made by assembling molded pieces after debinding and then co-firing 
the parts assembly. 
LSU CoorsTek 
Define the test specimen 
geometry. 
Deliver mold inserts for the test 
specimens 
Mold and debind pieces for three sets of 20 
test specimens in both 998 alumina and 
YTZP. The first set will have the same 
geometry and CTE, the second set will have 
the same geometry and different CTEs and 
the third set will have an interference fit and 
the same CTE. 
Sinter the assembled test specimens. 
Validate test specimen geometry and test rig 
defined by LSU. 
Perform material study for matching and 
varying CTE. 
Perform material study to develop shrinkage 
curves 
Perform preliminary fitting tests. 
Evaluate interference fits. 
 
 
Task 6: LSU injection molding machine support. 







Supply 998 alumina and YTZP mold bodies. 
Sinter parts molded at LSU. 
998 molding feedstock / 10 kg batch. 
YTZP molding feedstock/ 10 kg batch. 
Sintering- dedicated kiln run/ for approximately 3 cu-ft 
Deltech. 
Regrind feedstock. 
SEM analysis (Other than specified in previous tasks). 
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APPENDIX 5 INJECTION MOLDING MACHINE DETAILS 
Table A 5.1 MILACRON POWERLINE; Injection unit 
Specifications Unit 220 45mm 220 55mm 
  A1 A B A1 A B 
Injection capacity gram 226 303 368 595 822 963 
Theoretical displacement cc 251 318 393 617 862 1000 
Maximum injection pressure bar 2400 1897 1536 1896 1357 1170 
Maximum plunger speed mm/s       
Maximum injection rate cc/s 213 270 333 518 724 840 
Maximum injection speed mm/s    215 215 215 
Maximum packing pressure bar 2400 1896 1536 1896 1357 1170 
Maximum pull back force N 75620 75620 75620 75620 75620 75620
Screw stroke mm 200 200 200 260 260 26 
Screw diameter mm 40 45 45 55 65 70 
Screw L/D ratio  22/1 22.2/1 20/1 23.6/1 20/1 18.4/1
Screw speed (maximum) rpm 360 260  230 230 230 
Screw torque (maximum) N-m 860 1150  1830 1830 1830 
Number of pyrometers  3 3 3 3 3 3 
Total heat capacity KW 14.8 14.8 14.8 29.2 29.2 29.2 
Sled pull in force ton 2.72   2.72   
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Table A 5.1 continued 
Specifications Unit 330 45mm 350 55mm 
  A1 A B A1 A B 
Injection capacity gram 226 303 368 595 822 963 
Theoretical displacement cc 251 318 393 617 862 1000 
Maximum injection pressure bar 2400 1897 1536 1896 1357 1170 
Maximum plunger speed mm/s       
Maximum injection rate cc/s 213 270 333 518 724 840 
Maximum injectoin speed mm/s       
Maximum packing pressure bar 2400 1896 1536 1896 1357 1170 
Maximu pull back force N 75620756207562075626075620 75620 
Screw stroke mm 200 200 200 260 260 
260 
(plunger) 
Screw diameter mm 4 4.5 5 55 65 70 (plunger)
Screw L/D ratio  22/1 22.2/120/1 23.6/1 20/1 
18.4/1 
(extruder) 
Screw speed (maximum) rpm 360 260  230 230 230 
Screw torque (maximum) N-m 860 1150  1830 1830 1830 
Number of pyrometers  3 3 3 3 3 3 
Total heat capacity KW 14.8 14.8 14.8 29.2 29.2 29.2 
Sled pull in force ton 2.72      
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Table A 5.1 continued 
Specifications Unit 440 550 
  A B A B 
Injection capacity gram 1021 1361 1021 1361 
Theoretical displacement cc 173 230 173 230 
Maximum injection pressure bar 71 95 2413 2068 
Maximum plunger speed mm/s 29 29 29 29 
Maximum injection rate cc/s   71 95 
Maximum injection speed mm/s     
Maximum packing pressure bar 2413 2068 2413 2068 
Maximum pull back force N 111,210 111,210 111,210 111,210 
Screw stroke mm 70 70 70 70 
Screw diameter mm 4.5 5 4.5 5 
Screw L/D ratio  25/1 25/1 25/1    25/1 
Screw speed (maximum) rpm     
Screw torque (maximum) N-m     
Number of pyrometers  3 3 3 3 
Total heat capacity KW 34.6 34.6 34.6 34.6 
Sled pull in force ton 4.1 4.1 4.1 4.1 
 
Table A 5.2 MILACRON POWERLINE; Clamp unit 
Specifications Unit 220 330 440 550 
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Tonnage ton 200 300 400 500 
Maximum daylight mm 1000 1270 1425 1680 
Maximum mold height mm 500 670 750 800 
Minimum mold height mm 150 200 250 250 
Maximum clamp stroke mm 500 600 675 880 
Dry cycle time sec 2.2 2.5 2.9 >3 
Platen size mmXmm 835X835 1030X10301175X1151 1290X1290
Tie bar spacing mmXmm 600X600 700X700 840X840 920X920 
Tie bar spacing mm 95 120  160 
Ejector stroke mm 150 200 200 200 
Maximum ejector force tonf 5.6 7.7 9.5 95 
Maximum ejector speed mm/sec 265    
 
Table A 5.3 MILACRON POWERLINE; Other details 
Specifications Unit 220 330 440 550 
Machine type  45mm 
55m
m 55mm 55mm 55mm 
Machine length mm 6100 6544 7519 8025 9373 
Machine width mm 1675 1675 1875 2129 2388 
Machine centerline mm 2103 2103 2298 1549 1600 
Machine height with mm 1364 1364 2332 2451  
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hopper 
Shipping weight Kg   14,243 22,226  
Base price U.S.D 183,500  
218,90
0 304800 379,300 
 ELECTRICAL 
Output power 
source VAC 230 230 230 230 230 











Core supply KVA 11 11 70 11 11 
Core supply 
(maximum) KVA    16 16 











Main breaker size 
(standard) Amp. 175 250 75 300 300 
Machine 
transformation size KVA    93 93 
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Water requirement  Feedthroat only 
 
Table A 5.4 MILACRON ROBOSHOT; Injection unit 
Specifications Unit 17 R 33 R 
Type  A B A B C D 
Maximum injection capacity (GPPS) gram 11 13 11 18 22 27 
Theoretical displacement cc 11.3 14.3 11.3 19.1 23.6 28.5
2354 1863 2452 2158 1863 1667Maximum injection pressure High 
Speed/High Pressure 
bar 
  2452 2256 1961 1765
38.2 48.3 30.1 38.1 47.1 57 Maximum injection rate/ High Speed/High 
Pressure 
cc/sec 
  60.3 76.38 94.2 114 
2158 1667 2452 1961 1667 1471Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
  2452 2059 1765 1569
Screw stroke mm 56 56 56 75 75 75 
Screw diameter mm 16 18 16 18 20 22 
Screw L/D ratio  20/1 20/1 20/1 20/1 20/1 20/1
Screw torque (maximum) N-m 69 69 203 203 203 203 
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Number of pyrometers  3 3 3 3 3 3 
Total heat capacity KW 2.7 2.7 3 3.4 3.4 3.8 
Sled pull force ton 2.72  2.72 
 
Table A 5.4 continued 
Specifications Unit 55  R 
Type  A B  C D 
Maximum injection capacity (GPPS) gram 22 27 48 55 
Theoretical displacement cc 23.6 28.5 50.4 58.5 
2550 2354 1912 1667 Maximum injection pressure High 
Speed/High Pressure 
bar 
2746 2550 2059 1863 
56.5 68.4 95.6 111 Maximum injection rate/ High 
Speed/High Pressure 
cc/sec 
94.2 114 159.2 185 
2550 1961 1667 1471  Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
2746 2354 1863 1569 
Screw stroke mm 75 75 95 95 
Screw diameter mm 20 22 26 28 
Screw L/D ratio  20/1 20/1 20/1 20/1 
300 300 300 300 Screw speed (maximum)/ High 
Speed/High Pressure 
rpm 
450 450 450 450 
Screw torque (maximum) N-m 385 385 385 385 
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Number of pyrometers  3 3 3 3 
Total heat capacity KW 3.4 3.8 4.5 5 
Sled pull force ton 2.72 
 
Table A 5.4 Continued 
Specifications Unit 110R 
Type   A1 A B C D 
Maximum injection capacity (GPPS) gram 27 48 55 97 138 
Theoretical displacement cc 28.5 50.4 58.5 102.9 146.6
2452 2452 2256 1961 1667Maximum injection pressure  High 
Speed/High Pressure 
bar 
2550 2550 2354 2158 1471
57 79.6 92.4 120.6 152.7Maximum injection rate/ High 
Speed/High Pressure 
cc/sec 
114 159 185 241 305 
2452 2256 2059 1667 1471 Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
2550 2550 2158 1961 1667
Screw stroke mm 75 95 95 128 144 
Screw diameter mm 22 26 28 32 36 
Screw L/D ratio  20/1 20/1 20/1 20/1 20/1
Screw torque (maximum) N-m 486 486 486 486 486 
Number of pyrometers  3 3 3 3 3 
Total heat capacity KW 14.8 14.8 14.8 29.2 29.2
Sled pull force ton 2.72 
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Table A 5.4 continued 
Specifications Unit 165R 
Type   A B C     D E 
Maximum injection capacity (GPPS) gram 114 144 178 252 300
Theoretical displacement 
cc 120.6 152.7 188.5 267.6 
318.
5 
2452 2059 1667 1471 
181
4 
Maximum injection pressure High 
Speed/High Pressure 
bar 
2746 2746 2550 2158 N.A.
120.6 152.6 188.4 228 
434.
3 
Maximum injection rate/ High 
Speed/High Pressure 
cc/sec 
193 244 302 365 N.A.
2059 1863 1471 1275 
156
9 
 Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
2746 2746 2550 2158 N.A.
Screw stroke mm 150 150 150 176 176
Screw diameter mm 32 36 40 44 48 
Screw L/D ratio  20/1 20/1 20/1 20/1 20/1
250 250 250 250 300Screw speed (maximum) High 
Speed/High Pressure 
rpm 
     
Screw torque (maximum) N-m 993 993 993 993 993
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Number of pyrometers  3 3 3 3 3 
Total heat capacity KW 29.2 14.8 14.8 14.8  
Sled pull force ton 2.72 
 
Table A 5.4 continued 
Specifications Unit 250R 
Type  A B C 
Maximum injection capacity (GPPS)gram 177 253 300 
Theoretical displacement cc 188 268 318 
2550 2158 1863 
Maximum injection pressure High 
Speed/High Pressure 
bar 
   
302 365 434 Maximum injection rate/ High 
Speed/High Pressure 
cc/sec 
   
2550 2158 1863  Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
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Screw stroke 
mm 150 176 176 
Screw diameter 
mm 40 44 48 
Screw L/D ratio 
 20/1 20/1 20/1 
250 250 250 Screw speed (maximum)/ High 
Speed/High Pressure 
rpm 
   
Screw torque (maximum) 
N-m 826 826 826 
Number of pyrometers 
 3 3 3 
Total heat capacity 
KW 29.2 29.2 29.2 
Sled pull force 
ton 2.72 
 
Table A 5.4 continued 
Specifications Unit 330R 
Type  A B C D 
Maximum injection capacity (GPPS)gram 253 300 603 788 
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Theoretical displacement cc 268 318 640 836 
2746 2550 1961 1520 Maximum injection pressure High 
Speed/High Pressure 
bar 
    
335 398 542 708 Maximum injection rate/ High 
Speed/High Pressure 
cc/sec 
    
2550 2354 1765 1373  Packing pressure (maximum)/ High 
Speed/High Pressure 
bar 
    
Screw stroke mm 176 176 260 260 
Screw diameter mm 44 48 56 64 
Screw L/D ratio  20/1 20/1 20/1 20/1 
250 250 250 250 Screw speed (maximum)/ High 
Speed/High Pressure 
rpm 
    
Screw torque (maximum) N-m 1934 1934 1934 1934 
Number of pyrometers  3 3 4 4 
Total heat capacity KW 34.6 34.6 34.6 34.6 
Sled pull force ton 4.1 
 
Table A 5.5 MILACRON ROBOSHOT; Clamp unit 
Specifications Unit 17 R 33 R 55 R 110 R 165 R 
Tonnage ton 15 30 50 100 150 
Maximum daylight mm 390 530 600 800 930 
Maximum mold height mm 230 300 350 450 490 
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Minimum mold height mm 130 150 150 150 200 
Maximum clamp 
stroke mm 160 230 250 350 440 
Dry cycle time sec 1.16 1.43 1.52 2.08 2.3 
Platen size mmXmm 330X330 420X420 460X460 610X610 750X750
Tie bar spacing mmXmm 235X235 280X280 320X320 410X410 510X510
Tie rod diameter mm 40 50 50 70 90 
Ejector stroke mm 50 60 70 100 130 
Maximum ejector 
force tonf 0.7 0.8 2 2.5 3.5 
 
Table A 5.5 continued 
Specifications Unit 250 R 330 R 
Tonnage ton 227 300 
Maximum daylight mm 1250 1250 
Maximum mold height mm 650 650 
Minimum mold height mm 300 300 
Maximum clamp stroke mm 600 600 
Dry cycle time sec 3.29 3.24 
Platen size mmXmm 1030X1030 1030X1030 
Tie bar spacing mmXmm 710X710 710X710 
Tie rod diameter mm 130 130 
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Ejector stroke mm 150 150 
Maximum ejector force tonf 4 8 
 
Table A 5.6 MILACRON ROBOSHOT; Other details 
Specifications Unit 17 R 33 R 55 R 110 R 165 R 
Length mm 1995 2620 3434 4169 5017 
Width mm 680 842 927 964 1194 
Height mm 1508 1533 1617 1748 1883 
Shipping weight Kg 907 1406 2495 4309 6300 
Input source V 200 200 200 200 200 
Power supply      
Machine KVA 7 7.1 12.5 18.5 28.5 
External outlet KVA 13 20 20 20 20 
Maximum total capacity 
KVA 20 27.1 32.5 38.5 48.5 
Main breaker size (standard) 
amp 20 20 30 40 60 
Main breaker size (optional) 
amp 50 50 75 100 100 
Base price  U.S.D 67,500 78,250 92,500 111,350 145,750
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Table A 5.6 continued 
Specifications Unit 250 R 330 R 
Length mm 5799 6379 
Width mm 1593 1593 
Height mm 1953 1953 
Shipping weight Kg 10297 11295 
Input source V 200 200 
Power supply   
Machine KVA 46.4 89.3 
External outlet KVA 20 20 
Maximum total capacity KVA 66.4 109 
Main breaker size (standard) amp 60 100 
Main breaker size (optional) amp 100 150 
Base price  U.S.D 190,500 221,750 
 
Table A 5.7 TOSHIBA; Injection unit 
Specifications Unit EC 45 EC 65 
Machine type  1Z 1Y  1A(Std) 1B 1.5Y 1.5A(Std) 1.5B
Shot size(GPPS) gram 16 35 45 57 51 63 83 
Screw diameter mm 18 22 25 28 25 28 32 
Injection volume cc 18 38 49 62 55 69 90 
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Injection pressure bar 2940 2528 1960 1558 2450 1960 1500
Maximum holding 
pressure bar 2352 2019 1568 1245 1960 1568 1196
Injection rate cc/s 50 76 98 123 98 123 161
Injection speed mm/s 200 200 200 200 200 200 200
Screw speed rpm 480 420 420 380 380 380 320
Plasticizing capacity 
(GPPS) gram/s 3.3 6.1 7.8 9.7 6.9 9.7 12.5
 
Table A 5.7 continued 
Specifications Unit EC110 EC180 
Machine type  2Y 2A(Std) 2B 4Y 4A(Std) 4B 
Shot size(GPPS) gram 72 94 120 145 180 230 
Screw diameter mm 28 32 36 36 40 45 
Injection volume cc 78 102 130 162 201 254 
Injection pressure bar 2558 1960 1548.4 2410.8 1960 1548.4
Maximum holding 
pressure bar 2048 980 1234.8 1930.6 1568 1234.8
Injection rate cc/s 123 160 203 183 226 286 
Injection speed mm/s 200 200 200 180 180 180 
Screw speed rpm 400 390 350 350 320 285 




Table A 5.8 TOSHIBA; Clamp unit 
Specifications Unit EC45 EC65 EC110 EC180 
Clamp force ton 40    
Tie bar (HXV) mm X mm 320*320    
Platen dimensions (HXV) mm X mm 460*460    
Clamp stroke mm 250    
Minimum mold height mm 150    
Maximum mold height mm 320    
Maximum daylight mm 570 660  950 
Ejector force ton 2 2  4.5 
Ejector stroke mm 60 70 90 120 
 
 
Table A 5.9 TOSHIBA; Other details 
Specifications Unit EC45 EC65 EC110 EC180 
Machine type  1Z 1Y 1A 1B 1.5Y 1.5A 1.5B 2Y 2A 2B 4Y 4A 4B 
Heater capacity KW 3.4 4.7 4.7 5.4 5.8 5.8 6.6 6.8 6.8 6.8 11.2 11.2 11.2
Weight Ton 2.6 2.6 2.6 2.6 3 3 3 4.5 4.5 4.5 6.5 6.5 6.5 
Length m 3.4 3.4 3.4 3.4 3.7 3.7 3.7 4.2 4.2 4.2 5.2 5.2 5.2 
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Width m 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.3 1.3 1.3 1.4 1.4 1.4 
Height m 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.8 1.8 1.8 2 2 2 
 
Table A 5.10 BATTENFELD; Injection unit 
Specifications Unit MICROSYSTEM CDK CDK-SE 
Specific injection 
pressure (limited) bar 2500 1096-2164 1110-2760 
Theoretical shot volume 
(Maximum) cc 1.1 58.9-354.4 99-354 
Nozzle stroke (manual) mm 165   









Table A 5.10 continued 
Specifications Unit T BK 
International size designation    
Extruder screw diameter mm   
Injection piston diameter mm   
Specific injection pressure (limited) bar 1137-2164 1260-2762 
Theoretical shot volume (Maximum) cc 99-354.4 154-5655 
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Nozzle stroke (manual) mm   







Table A 5.11 BATTENFELD; Clamp Unit 
Specifications Unit CDK CDK-SE T BK 
Mechanism  Toggle Toggle Toggle Toggle 
Clamp force KN 350-1000 500-2000 500-1000 1300-6700 
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APPENDIX 6 RADIATION DOSE CALCULATIONS 
Radiation Dose Calculations for X-ray LIGA 




Graphite – 150 µm thick Kapton HN - 13 µm thick 
X- ray resist PMMA (Vistacryl ICQ 
grade) 
SU 8 (MicroChem Corp.) 
Developer GG developer and GG 
rinse 
SU 8 developer (MicroChem 
Corp.) 
 
Table A 6.2 Graphite mask 
Graphite membrane –150 µm thick with SU 8 resist - 50 µm thick 
 Beamline 
Parameter XRLM 2 XRLM 3 
Be window thickness 
(µm) 
425 175 Resist type and thickness 
(Beam potential) Bottom dose (J/cm3) 3500 3500 
Top to bottom dose ratio 1.46 1.54 
Filters None None PMMA 130 µm (1.3 GeV) Total dose (mA*min) 17,117 13,998 
Top to bottom dose ratio 2.1 2.31 
Filters None None 
PMMA 280 µm 
(1.3 GeV) 
Total dose (mA*min) 24,665 20,960 
Top to bottom dose ratio 3.46 3.61 
Filters None None 
PMMA 530 µm 
(1.3 GeV) 
Total dose (mA*min) 40,543 39,784 
Top to bottom dose ratio 3.62 3.71 
Filters Al 6 µm Al 15.5 µm 
PMMA 780 µm 
(1.45 GeV) 
Total dose (mA*min) 20,868 20,557 
Top to bottom dose ratio 1.439 3.85 
Filters Al 11 µm Al 28.5 µm 
PMMA 1030 µm 
(1.45 GeV) 
Total dose (mA*min) 30,048 33,749 
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Table A 6.3 Kapton mask 





Be window thickness 
(µm) 
425 175 
Resist type and 
thickness 
(Beam potential) 
Bottom dose (J/cm3) 3500 3500 
Top to bottom dose ratio 2.415 2.364 
Filters None Al 6 µm PMMA 130 µm 
(1.3 GeV) 
Total dose (mA*min) 4589 11,890 
Top to bottom dose ratio 4.7 2.31 
Filters None Al 6 µm PMMA 280 µm 
(1.3 GeV) 
Total dose (mA*min) 8915 20,960 
 
Table A 6.4 Graphite mask with negative resist 
Graphite mask –150 µm thick with SU 8 (MicroChem corp.) resist - 50 µm 
thick; 
 Beamline 
Parameter XRLM 2 XRLM 3 
Be window thickness 
(µm) 
425 175 
Resist type and thickness 
(Beam potential) Bottom dose (J/cm3) 15 15 
Top to bottom dose ratio 9.5  
Filters None  
SU 8 (MicroChem Corp.) 
1100 µm 
(1.3 GeV) Total dose (mA*min) 274  
Top to bottom dose ratio 6.14  
Filters None  
SU 8 (MicroChem Corp.) 
800 µm 







Figure A 6.1 Plots of dose used for Graphite mask; PMMA resist 1030 µm 






Figure A 6.1 continued
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e 




a) Dose profile in the resist b) Spectrum after the absorber c) Flux after the 
absorber and after the resist d) Dose profile e) Flux at different points f) 







Figure A 6.2 Plots of dose used for a Kapton mask; PMMA resist – 280 µm 












a) Dose profile in 130 µm resist b) Dose profile in 280 µm resist 
b) Development time vs. resist depth d) Spectrum after the absorber 
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